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Abstract 
 
Multimodal microscopy combines the advantages and strengths of different imaging modalities 
in order to holistically characterise the organisation of biological organisms and their 
comprising constituents under healthy and diseased conditions, down to the spatial resolution 
required to understand the morphology and function of such structures. Given the profound 
advantages conferred by such an approach, this work broadly aimed to develop and exploit 
various multimodal and multi-dimensional imaging modalities in a complimentary, combined 
and/or correlative manner – namely, three-dimensional scanning electron microscopy, 
transmission electron tomography, bright-field light microscopy, confocal laser scanning 
microscopy and X-ray micro-computed tomography – in order to characterise and collect new 
information on the normal and pathological microarchitecture of rodent and human liver tissue 
in 3-D under various experimental conditions.  
 The data reported in this work includes a comparative analysis of a variety of sample 
preparation protocols applied to rat liver tissue to determine the suitability of such protocols for 
the application of serial block-face scanning electron microscopy (SBF-SEM). Next, 3-D 
modelling and morphometric analysis (utilising the premier SBF-SEM protocol) was performed 
in order to visualise and quantify key features of the hepatic microarchitecture. We further 
outline a large-volume correlative light and electron microscopy approach utilising selective 
molecular probes for confocal laser scanning microscopy (actin, lipids and nuclei), combined 
with the 3-D ultrastructure of the same structures of interest, as revealed by SBF-SEM 
(Chapter 2). Development of a straightforward combinatorial sample preparation approach, 
followed by a swift multimodal imaging approach – combining X-ray micro-computed 
tomography, bright-field light microscopy and serial section scanning electron microscopy – 
facilitated the cross correlation of structure-function information on the same sample across 
diverse length scales (Chapter 3). Next, we outline a novel “silver filler pre-embedding 
approach” in order to reduce artefactual charging, minimise dataset acquisition time and 
improve resolution and contrast in rat liver tissue prepared for SBF-SEM (Chapter 4). Next, we 
employ a complementary imaging approach involving serial section scanning electron 
microscopy and transmission electron tomography in order to comparatively analyse the 
structure and morphometric parameters of thousands of normal- and giant mitochondria in 
human patients diagnosed with non-alcoholic fatty liver disease. In so doing, we reveal 
functional alterations associated with mitochondrial gigantism and propose a mechanism for 
their formation (Chapter 5). Finally, the significance of the results obtained, and major scientific 
advances reported in this work are discussed in-depth against the relevant literature. This is 
proceeded by the future outlooks and research that remains to be done, followed by the main 
conclusions of this Ph.D thesis (Chapter 6). 
  
v 
 In summary, our findings firmly establish the immense importance and value of 
contemporary multimodal microscopy modalities in modern life science research, for 
holistically revealing cellular structures along the vast length scales amongst which they exist, 
under healthy and clinically relevant pathological conditions.  
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General Introduction 
 
1. The Liver  
 
1.1. Gross Anatomy & Vascular System 
 
The liver is the largest visceral organ and gland in humans, comprising approximately 2.5% 
of adult body weight, varying in men from 1,500 g to 1,800 g and in women from 1,200 g to 
1,500 g1,2. It has on overall wedge shape, and is located in the upper right and partially in the 
upper left quadrants of the abdominal cavity, protected by the ribcage. The external surface of 
the liver is covered with in a collagenous connective tissue (Glisson’s Capsule/Sheath), which 
is surrounded by the visceral peritoneum (serous covering) except where the liver opposes the 
diaphragm and the other organs3. The outer connective tissue covering of the liver’s surface 
further continues within its internal parenchymal mass, surrounding the blood vessels of the 
hepatic vasculature, and in so doing, providing the soft, sponge-like liver with its major 
structural support or ‘skeleton’4.  
Classic anatomy distinguishes two main (right and left) and two accessory (quadrate 
and caudate) lobes according to peritoneal attachments and surface fissures5. Contemporarily, 
the liver is classified upon the Couinaud’s division of the liver into eight functional segments, 
which each contain an independent afferent and efferent blood supply, biliary channels and 
lymphatic drainage6,7 (Fig. 1). This segmental division of the liver is of critical importance, 
particularly when excising small space-occupying lesions (e.g. focal liver metastasis) from 
these areas and in the planning of anatomical resections (hepatectomy)8,9. 
 
 
 
 
 
 
 
Figure 1. Functional divisions of the liver according to Couinaud.  The liver is classified into eight functional segments, 
each with its own vascular and biliary system. The segments are referred to by name, number and/or anatomical sub-
divisions: (I) caudate; (II) left lateral superior; (III) left medial inferior; (IV) left medial superior; (V) right medial inferior; 
(VI) right lateral inferior; (VII) right lateral superior; (VIII) right medial superior.  (Adapted from Standring et al., 20087). 
Diaphragmatic Surface Visceral Surface 
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The liver receives its major blood supply (~75%) via the hepatic portal vein, which 
carries venous blood that is largely depleted of oxygen, having initially supplied the digestive 
tract and major abdominal viscera3 (Fig. 2A). The hepatic artery, a branch of the celiac trunk, 
carries the remaining 25% of oxygenated arterial blood to the liver (Fig. 2 A & C). Within the 
internal parenchymal mass of the liver, branches of the hepatic portal vein and hepatic artery 
coalesce in the periportal areas to give rise to a network of capillaries – also known as hepatic 
sinusoids –  that bathe the liver parenchyma, before draining into the sublobular veins and 
subsequently the hepatic vein, which joins the inferior vena cava10. It is via this elegant 
vascular system that the liver acts as a guardian between the digestive tract and the rest of the 
body5. It is also the means by which it receives a large variety of endobiotics and xenobiotics 
including amino acids, carbohydrates, lipids and vitamins, and where their subsequent 
biotransformation and dissemination into the blood and bile occurs5,11.  
 
 
Figure 2. (A) Backscattered SEM (BSEM) micrograph of the portal trial, revealing a large branch of the hepatic portal 
vein (PVb) from which smaller hepatic sinusoidal capillaries (HS) are anastomosing. Multiple branching profiles of the 
bile ductule (green bounding box) and hepatic artery (red bounding box) are observed embedded within the stromal 
connective tissue surrounding the portal triad. (B) Higher-magnification view of a branch of the bile ductule 
corresponding to the green bounding box in (A). The epithelium of the bile ductules are lined by cuboidal to low-
columnar cells called cholangiocytes (C). Cholangiocytes possess the apical plasma membrane specialisation microvilli 
(Mv) and a single cilium which are visible projecting into the ductular lumen. A small branch of the hepatic artery (HAb) is 
also visible. (C) Higher-magnification view of a branch of the hepatic artery corresponding to the red bounding box in (A). 
The hepatic artery is lined by a simple squamous endothelium (End), the nuclei of which are visible within the arterial 
lumen, in addition to an electron-dense red blood cell (RBC). Scale bar: A = 40 µm; B & C = 10 µm. Species: Rat. (©G. 
Shami & F. Braet, 2018 – Unpublished Data).  
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1.2. Microstructural Organisation & Nomenclature  
 
Several structural and functional models have been proposed to describe the microanatomy of 
the liver, however, the most relevant are the classical hepatic lobule (Figs. 3 & 4), the portal 
lobule and the hepatic acinus (Fig. 4).  
The classical hepatic lobule first described by Kiernan (1833)12 is a roughly 
hexagonal arrangement of plates of hepatic parenchymal cells (HPC) (laminae), one cell 
thick, separated by intervening anastomosing sinusoids which coalesce towards a central vein 
(a.k.a. terminal hepatic venule or centrilobular venule)7. The interface between the HPCs and 
sinusoids is separated by the perisinusoidal space (space of Disse) that contains collagens type 
I, III, IV, V, XVIII, fibronectin, undulin, laminin, tenascin and proteoglycans13, which form 
the structural foundation upon which liver sinusoidal endothelial cells (LSECs) rest. Small 
irregular microvilli project into this space from the sinusoidal surface of the HPCs, increasing 
the area available for exchange of material between HPCs and the plasma.  
In some species, such as pigs, adjacent hepatic lobules are clearly delineated by 
connective tissue14. In humans, there is normally little interlobular connective tissue and the 
plates of HPCs of one lobule appear to merge with those of adjacent lobules3. At each of the 
six angles of the hepatic lobule are the portal areas (portal triad, portal tracts, triangles of 
Kiernan or portal canal), consisting of the hepatic artery, hepatic portal vein and a bile duct 
(Figs. 2 & 3). These vessels in addition to a branch of the vagus nerve and a network of 
lymphatics are bordered by an investment of loose stromal connective tissue (perivascular 
sheath) and branch together as they penetrate the liver tissue. Each portal canal is bounded by 
a continuous lamina of small HPCs (periportal limiting plate) that is consistent with the 
fibrous capsule of the liver, in addition to the laminae of the internal plates of the lobule15,16. 
The periportal space (space of Mall) separates the connective tissue stroma and the HPCs at 
the edges of the portal canal, and is thought to be one of the sites where lymph originates in 
the liver3,17.  
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Figure 3. Diagrammatic representation of the liver lobule. The classic hepatic lobule is composed of a network of liver 
plates (LP; beige), separated by the sinusoids (S) that are comprised of liver sinusoidal endothelial cells (En, dark blue) 
that contain numerous fenestrations grouped as sieve plates. A mixture of venous and arterial blood originating from the 
hepatic portal vein (PVb, dark blue) and hepatic artery (HAb, red), is transported to the central vein (CV) via the 
sinusoids, where it drains into the sublobular veins. Kupffer cells (K, orange) are located within the sinusoids, which are 
adhered to the endothelium by means of protoplasmic projections. Hepatic stellate cells (HSC, yellow) are located within 
the space of Disse (DS), which contains components of the extracellular matrix and forms the interface between HPCs 
and the sinusoidal capillaries. Adjacent HPCs are adjoined via connecting junctions and form bile canaliculi (BC, dark 
green) on their lateral face, which drain into the common bile duct (BDI, lime green). At the periphery of the hepatic 
lobule is the portal triad, which is composed of terminal branches of the hepatic portal vein (PVb, dark blue), hepatic 
artery (HAb, red) and common bile duct (BDI, lime green). (Adapted from Muto, 197518).  
 
The concept of the portal lobule is functionally important in illustrating the major 
exocrine function of the liver, that is bile secretion. It is characterised by an equilateral 
triangle, the apexes of which are aligned with the central veins of three adjacent hepatic 
lobules. Bile secretion flows in a direction opposite to that of blood flow, that is from the 
central vein to the portal tracts located at the periphery of the hepatic lobule (Fig. 4).  
The acinar definition of hepatic micro-organisation proposed by Rappaport et al. 
(1954)19 provides a correlation between blood, perfusion, metabolic activity, liver physiology 
and histopathology3,7. The hepatic acinus is an ellipsoid-shaped functional unit and consists 
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of the periportal parts of adjacent hepatic lobules, partially separated by distributing blood 
vessels. The short axis is defined by a line spanning two portal triads of an individual lobule, 
whilst the long axis is defined by the territory between two adjacent central veins. Under the 
acinar concept, HPCs are arranged into three concentric elliptical zones surrounding the short 
axis. These zones differ in their blood supply corresponding to the distance of the hepatic 
cells from the periportal field and terminal blood vessels respectively. Zone 1 (periportal, 
afferent or proximal) corresponds to the periphery of the classic lobule and is perfused with 
blood rich in oxygen, substrates and hormones. Conversely, zone 3 (pericentral, centrilobular, 
efferent, or distal) located near the central vein of the hepatic lobule receives blood depleted 
in oxygen, substrates and hormones, however is enriched in carbon dioxide and other 
metabolic by-products20. Zone 2 is characterised intermediately between zones 1 and 3. 
Moreover, in correspondence to the oxygen gradient in zones 1 to 3, a structural, functional 
and metabolic heterogeneity exists amongst the different HPC populations depending upon 
their location within the hepatic acinus, with variations in number of enzymes and subcellular 
structures21-23.  
 
   
Figure 4. Schematic representation of the three-different structural and functional descriptions of the hepatic 
microarchitecture. The classical hepatic lobule is an approximately hexagonal arrangement of masses of hepatic 
parenchymal cells, separated by intervening sinusoids which radiate toward the terminal hepatic venule, located at the 
centre of the hepatic lobule. The six apexes of the hepatic lobule are occupied by the portal tracts, which contain 
terminal profiles of the hepatic portal vein, hepatic artery and common bile duct. The portal lobule illustrates the 
centrifugal transportation of bile – that is from the region of the central vein toward the portal tract. It is an approximately 
equilateral triangle whose apexes are centred relative to three adjacent centrilobular venules, at the centre of which lies 
a portal tract. The hepatic acinus is composed of adjacent hepatic lobules separated by distributing blood vessels. It is 
functionally divided into zones 1, 2 and 3 which represent areas supplied with blood of first, second, and third quality 
respectively, with regard to oxygen content and nutrients. Accordingly, cells in zone 1 are most resilient to damage from 
circulatory disturbances, whilst those in zone 3 are least so24,25. (©G. Shami & F. Braet, 2018 – Unpublished Data). 
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1.2.1. Hepatic Parenchymal Cells (Hepatocytes) 
 
Hepatic parenchymal cells (HPC) – also frequently referred to as ‘hepatocytes’ – are 
considered to be the principal cell of the liver, and their discovery is accredited to Dutrochet 
(1824)26 who first who recognised ‘cellules vésiculaires agglomérés’ (vesicular agglomerates) 
in liver tissue. This description was further elaborated upon by Kiernan (1833)12, who 
additionally introduced the concept of the liver lobule in the pig.  
HPCs are large, polyhedral cells that comprise the muralium simplex – the 
overlapping, plate-like sheets (trabeculae) that form the three-dimensional structure of the 
liver lobule27. They measure between 15 to 30 µm in each dimension, and constitute 
approximately 80% of the total liver volume and between 60-65% of total cell number24,28. At 
the subcellular level, HPCs contain a vast array of organelles that are commensurate with 
their high-metabolic activity (Table 1). HPC nuclei are distinctly round, contain variable 
numbers of nucleoli (max measured = 16) and occupy a central position in the cell. 
Approximately 20-25% of cells are binucleate. In continuation with the nuclear envelope is 
the endoplasmic reticulum, which consists of both rough and smooth variants. A myriad of 
membrane-limited structures including elliptical or oblong mitochondria and many stacks of 
Golgi complexes are distributed throughout the cell cytoplasm. Cellular inclusions consist of 
bountiful quantities of peroxisomes, glycogen particles, lipid droplets and free ribosomes and 
polyosomes29-33. Golgi and lysosomes are frequently accumulated in the cytoplasm 
surrounding the bile canaliculi (Fig. 5).  
A highly specific component of the HPC is its plasma membrane which can be 
divided into three distinct domains (see, vide infra), each of which are indicative of the 
functional specialisations and cellular polarisation of the liver cell within the muralium 
simplex34,35.  
(Domain 1) Approximately 37% of the hepatocyte surface (basolateral/vascular pole, 
sinusoidal surface) is oriented toward the perisinusoidal space and is studded with uniformly 
short microvilli (~0.5 µm in length), which extend into the space of Disse and increases the 
absorptive and secretory hepatocytic capacity by sixfold36. Within regions between microvilli, 
high-magnification scanning electron microscopy (SEM) studies have revealed numerous 
holes, pits and granular particles37. Correlating these structures with high-resolution 
transmission electron microscopy (TEM) has revealed an elaborate system of pinocytotic and 
receptor-mediated vesicles, in addition to sites of lipoprotein secretion, further highlighting 
the vascular pole of the hepatocyte as a highly active site of exchange38-40.  
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(Domain 2) The biliary facet (apical pole, canalicular surface) occupies approximately 
15% of the outer hepatocyte membrane and represents the secretory pole of the hepatocyte1. 
Topographically, these facets display a relatively smooth surface with narrow bands bordered 
by one or more bile canaliculi, which appear as half tubules carved out of the hepatocyte 
surface when observed in SEM when the tissue is fractured after drying41-43.  
(Domain 3) The remaining 50% of the external hepatocyte surface is comprised of the 
intercellular domain or the hepatocyte-to-hepatocyte contact area, which is connected with the 
space of Disse. Hepatocytes are sealed from the bile canaliculi via tight junctions (zonula 
adherens), which in non-diseased states exclusively allow the passage of water and cations to 
take place. Adjacent hepatocytes are adjoined via elaborate adherens complexes including 
intermediate junctions (zonula adherens) and desmosomes (macula adherens)1. These 
structures are distributed along the lateral plasma membrane and partition the apical from 
basolateral membrane domains, whilst directly lining the cytoplasm of one cell with that of its 
neighbours44.   
 
Table 1. Quantitative and functional summary of subcellular structures in the liver cell. (Adapted from Alberts et al., 
200845 and Kuntz et al., 20081). 
Subcellular structures Number 
per HPC 
Proportion of HPC 
volume 
Function 
Nucleus 1-2 6% Storage of cellular genome and regulation of 
gene expression45. 
Rough endoplasmic reticulum 1 13% Binds ribosomes for translation of mRNA in 
proteins destined for secretion or membrane 
insertion. Also implicated in chemical 
modifications of proteins and membrane lipid 
synthesis3. Secretion via Golgi.   
Smooth endoplasmic 
reticulum 
1 7.7% Involved in lipid and steroid metabolism46. 
Mitochondria 800-4,000 10-20% Major source of adenosine triphosphate (ATP) 
production used as a source of cellular energy. 
Also involved in cell signalling, differentiation, 
growth and apoptosis47.  
Golgi apparatus 50 4% Integral in modifying, sorting and packaging 
macromolecules for use within the cell or 
secretion outside the cell (e.g. VLDL)32. 
Lysosomes 200-300 3.6-7.1% Digestion of organelles (by autophagy), 
macromolecules, waste materials and cellular 
debris via hydrolytic enzyme degradation48.  
Peroxisomes (Microbodies) 400-1,000 2-5% H2O2 degradation, fatty acid activation and 
oxidation, plasmalogen biosynthesis and 
cholesterol biosynthesis49.  
Glycogen - - Multibranched polysaccharide of glucose that 
serves as a form of energy storage50.  
Lipid droplets - - High-energy storage of esterified forms of fatty 
acids and sterols3,51.  
Free ribosomes & polyosomes - - Manufacture cytosolic proteins52. 
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Figure 5. Topological and internal ultrastructural features of hepatic parenchymal cells (HPC). (A) SEM micrograph 
revealing the topology of a HPC. Studded ridges which form the bile canaliculi (BC) are visible running along the surface 
of the HPC. (B) BSEM micrograph revealing the internal ultrastructure of a polygonal-shaped HPC. (C) Intermediate 
magnification BSEM image of a HPC showing a partial segment of the HPC nucleus (N) that is delineated from the 
cytosol by the nuclear envelope (Ne), an extensive rough endoplasmic reticulum (rER) network arranged as parallel 
stacks of cisternae, smooth vesicular profiles of the smooth endoplasmic reticulum (sER), large lipid droplets (Ld), a 
multitude of mitochondria (M), Golgi complexes (G) and peroxisomes (P) containing a dense crystalline core consisting 
of urate oxidase. A bile canaliculus (BC) is visible, formed by the apposing plasma membranes of two adjacent HPCs. 
The site of exchange between the hepatic sinusoidal lumen (HS), liver sinusoidal endothelial cells (LSECs) and the HPC 
plasma membrane, occurs within the perisinusoidal space of Disse (SoD) in which multiple profiles of hepatocytic 
microvilli (Mv) are projecting. Scale bar: A & B = 6 µm; C = 3 µm. Species: Rat. (©G. Shami & F. Braet, 2018 – 
Unpublished Data). 
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1.2.2. Liver Sinusoidal Cells  
 
The hepatic sinusoids compose anastomosing the vascular channels running along the system 
of liver cells, appearing as a network of flexuous channels radially arranged and interposed 
between the portal vessels and the central vein43. The four different cells subsumed under the 
term ‘liver sinusoidal cells’ account for about 35% of total liver cells and include: sinusoidal 
endothelial cells 44.4%, Kupffer cells 33.3%, stellate cells 10-25% and pit cells 5%. 
Excluding the liver parenchymal cells and cells of the bile ductules (cholangiocytes), the 
sinusoids account for approximately 17% of total liver volume, and the total area of their 
plasma membranes is 26.5% of the total membrane surface of all liver cells11,53-55.  
 
1.2.2.1. Liver Sinusoidal Endothelial Cells 
  
Liver sinusoidal endothelial cells (LSECs) are sessile cells constituting the sinusoidal wall, 
also referred to as the endothelium, or endothelial lining56. They occupy a strategic position in 
the liver, separating the blood in the sinusoids from the extracellular space of Disse and 
surrounding hepatocytes57.  
The term ‘sinusoidal’ is said to describe the more tortuous course of the capillaries 
and the presence of a discontinuous endothelium58. Relative to the discontinuous endothelial 
lining of bone marrow and spleen, the liver sinusoids are unique in that their cytoplasmic 
processes are perforated with fenestrations that lack a diaphragm as well as the absence of a 
basal lamina underlying the endothelium59. LSEC fenestrae were first observed and 
characterised by Wisse (1970)60,61 by means of transmission electron microscopy (TEM) in 
perfusion-fixed rat liver, identifying endothelial cells of the microcirculation and Kupffer 
cells as distinct cell types (i.e. macrophages), resolving a long-standing controversy58 (Fig. 6).  
Morphologically, fenestrae as observed in vivo appear as circular or oval pores 
measuring approximately 140 nm in rats and 105 nm in humans as resolved by TEM, occur at 
a frequency of 9-13 per µm2 and being distributed along the endothelium either individually 
or as clusters called sieve plates (collectively referred to as the liver sieve)59,62. 
Physiologically, the ‘liver sieve’ acts as a selective filter between the sinusoidal lumen and 
the space of Disse, exclusively permitting the exchange of fluids, solutes and particles that are 
smaller than the diameter of the fenestrae59. Fenestrae diameter is regulated by a number of 
stimuli including inflammation, dietary fat load, circulating endobiotics (hormones, 
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neurotransmitters) and xenobiotics (ethanol, drugs)63. The structural basis for the modulation 
of fenestrae diameter was first identified by Oda et al. (1983)64 who observed actin filaments 
within the neighbourhood of LSEC fenestrae59. Later studies further revealed the presence of 
myosin65,66 and calmodulin67 by means of immunofluorescence microscopy, eventuating in 
the postulation and subsequent confirmation of the calcium-calmodulin-actomyosin system as 
the modulator of fenestrae diameter66,68,69.  
Fundamental to the maintenance of the structural integrity of fenestrae and sieve plates 
are a number of actin-based structures, including the fenestrae-associated cytoskeleton, sieve 
plate-associated cytoskeleton, fenestrae-forming centre and defenestration-associated centre70-
73. Agents that disrupt actin, such as cytochalasin B, misakinolide A and latrunculin A 
increase the number of fenestrations, indicating that the state of assembly of the actin 
cytoskeleton is important in the numerical dynamics of LSEC fenestrae74-76. 
 
 
Figure 6. (A) SEM micrograph of highly squamous isolated liver sinusoidal endothelial cell (LSEC), showing fenestrae 
(F) arranged into groups referred to as sieve plates (white bounding box) (Adapted from Wisse, et al. 77). (B) BSEM 
image revealing a LSEC resting directly atop hepatocytic microvilli; a key feature of the hepatic sinusoidal endothelium is 
the absence of a basal lamina. A small fenestration (F) is visible, through which a HPC microvillus is partially 
penetrating. The white space in the mid-to-bottom left hand corner of the image (HS) reveals the clear lumen of the 
hepatic sinusoidal capillary. Scale bar: B = 3 µm. Species: Rat. (B; ©G. Shami & F. Braet, 2018 – Unpublished Data). 
 
In addition to their selecting sieving function, LSECs are further implicated in a 
variety of biological reactions and processes including active transport78,79, coagulation80, 
fibrinolysis81,82, inflammation83, immune responses66, regulation of blood pressure and 
vitamin A levels84, angiogenesis85, lipid metabolism86 and receptor-mediated endocytosis87. 
LSECs also express a variety of adhesion molecules88,89 and possess the ability to secrete a 
variety of cytokines90, matrix components and growth factors as well as vasoactive 
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substances5. Because of these functional and structural characteristics, LSECs are regarded as 
unique to any other endothelial cell type in the body.   
 
1.2.2.2. Kupffer Cells 
 
Carl Wilhelm von Kupffer first observed and misidentified ‘Sternzellen’, that is, ‘stellate 
cells’ for Kupffer cells in 188691 by means of Gerlach’s gold chloride technique, whilst 
attempting to demonstrate nerve fibres in the liver. He believed the ‘stellate cells’ now known 
as hepatic stellate cells, located within the space of Disse, belonged to the Waldeyer’s 
perivascular connective tissue cells92 or adventitia cells93. In 1882, Kupffer’s doctorate 
student, Paul Rothe94 used the same gold chloride method confirming the presence of stellate 
cells in the chick liver. It was not until 189895 and 189996 that Kupffer changed his opinion 
after comparing India ink- and sheep erythrocyte-uptake in rabbits, concluding that the 
stellate cells he initially observed were in fact ‘special endothelial cells of the sinusoids’ 
which incorporate foreign substances93 and were eponymously named after von Kupffer.       
Kupffer cells (KCs) represent the largest resident macrophage population (80-90%) in 
the body. They reside within the lumen of the liver sinusoids and are attached the hepatic 
endothelium by opposing cell membranes and via protoplasmic extensions that may also 
protrude through intervillous lacunae into the space of Disse97 (Fig. 7). Topographically, KCs 
are covered by fuzzy coat and bear many filopodia radiating from the margins of the cells, 
and lamellipodia of variable size, which spread over the luminal surface of endothelial cells43. 
They display numerous variations including population density, cellular distribution, 
physiologic activity and subcellular contents, which are all contingent upon their periportal 
area of the hepatic acinus. Typically, large KCs containing high lysosomal enzyme activities 
together with a greater phagocytic capacity are located within the periportal region of the 
hepatic acinus, the first point of contact for incoming pathogen-laden blood. These 
characteristics are contrary to KCs found within the midzonal and perivenous regions98,99. 
Variations regarding cell size and shape (from thin and elongated to rounded and bulky), and 
in vivo microscopy observations confirm that they are motile and capable of migrating11.   
The specific location of KCs within the liver sinusoids allows intimate contact with 
circulating blood, and thus facilitates their primary role in the endocytosis of harmful 
molecules (e.g. bacterial products, dead erythrocytes, pathogens and neoplastic cells100,101). 
As professional antigen-presenting cells they can also promote adaptive immune responses by 
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processing and presenting antigens via major histocompatibility complex class I and II102,103. 
Further functional characteristics include a high pinocytotic and phagocytic capacity and the 
secretion of inflammatory mediators and signal substances (e.g. eicosanoids, nitrogen oxide, 
TNF-α, interferon-γ and cytokines) of various kinds that may recruit other cells of the 
immune system100. Because of these attributes, KCs represent an important component of the 
innate immune system, ensuring the localisation of noxious stimuli within the liver, 
mitigating potential systemic dissemination.  
 
 
Figure 7. (A) SEM micrograph of a Kupffer cell (Kc) residing within the hepatic sinusoidal lumen, surrounded by hepatic 
parenchymal cells (HPC), bound to numerous liver sinusoidal endothelial cells (End) by means of protoplasmic 
extensions (Pe) (Adapted from Motta et al., 197843). (B) BSEM micrograph revealing the internal ultrastructure of a 
Kupffer cell (Kc) residing within the sinusoidal lumen (HS), bound to the sinusoidal endothelium (End). Numerous small 
electron-dense lysosomes (Lys) are visible distributed throughout the cytoplasm. (C) 3-D reconstruction of the Kupffer 
cell (purple) corresponding to (B). The nucleus (white) and lysosomes (orange) are also revealed. For an in-depth 
description of the 3-D segmentation, modelling and visualisation process, see section 1.6.4.2.1. (D) XZ model view of 
the Kupffer cell shown in (C) revealing a branching morphology that is commensurate with the direction of the sinusoidal 
endothelium, to which the Kupffer cell is adhered. Scale bar: B-D = 10 µm. Species: (A): Rat; (B-D): Human. (B-D; ©G. 
Shami & F. Braet, 2018 – Unpublished Data). 
 
The origins of KCs are disputed throughout the literature by some authors. KCs are 
thought to originate from bone marrow-derived monocytes in the blood, whereby they 
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migrate into various tissues and transform into tissue macrophages, thus belonging to the 
mononuclear phagocytosis system (MPS)104,105. Alternatively, others support a local origin 
whereby KCs multiply as mature cells or originate from local intrahepatic precursor cells106-
108.  In an irradiation study conducted by Klein et al. (2007)100, two subsets of KCs were 
revealed in the context of both bone marrow transplantation and of orthotopic liver 
transplantation. The authors noted that one subset was relatively radiosensitive and rapidly 
replaced from haematogenous precursors, whereas the other was relatively radioresistant and 
long-lived. Both sub-sets were phagocytic but only the former population was recruited into 
inflammatory foci in response to CD8+ T-cell activation.  
  
1.2.2.3. Hepatic Stellate Cells 
 
Hepatic stellate cells (HSCs), also known as para- or perisinusoidal cells, Ito cells, fat-storing 
cells, vitamin A-storing cells, lipocytes or arachnocytes, were originally identified by von 
Kupffer in 187691, rediscovered by Ito and Nemoto in 1952109 and later confirmed by means 
of electron microscopy by Yamagishi in 1959110. HSCs are long-lived mesenchymal cells, 5-
10 µm in diameter with characteristically long processes that reside within the space of Disse 
(Fig. 8).  
In 1982 Yumoto identified the primary function of HSCs as a receptacle for the 
storage of vitamin A by means of lipid isolation111,112, a process by which retinol esters of 
chylomicron remnants are taken up by hepatocytes and converted into retinol, after which 
they are transferred to the endoplasmic reticulum and bound to retinol binding protein (RBP). 
From here the RBP-complex is secreted from the hepatocyte and transferred to HSCs by 
means of direct cell-to-cell transfer, mediated by RBP113,114. In HSCs, the retinol is 
subsequently converted into retinyl ester and dissolved in lipid droplets115. The liver contains 
approximately 90% of the body’s vitamin A store, with about 75% of that being found within 
the lipid droplets113.  
The second major function of HSCs is their role in the maintenance of the 
extracellular matrix (ECM) by synthesis and secretions of its normal components and their 
degradation by metalloproteinases5. In the liver, the deposition of components of the ECM 
typically occurs as a repair mechanism and scar formation following trauma or liver 
surgery116. With regard to pathologic conditions including hepatic fibrosis and cirrhosis of the 
liver, HSCs together with other mesenchymal cells are the main producers of the ECM and 
also play a role in the modulation of chronic inflammation by the secretion of cytokines and 
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chemokines117,118. HSCs also provide structure, participate in cell-to-cell communication and 
synthesise growth factors as part of maintaining the health of the perisinusoidal functional 
unit119, which is composed of LSECs, the vascular pole of hepatocytes and the space of 
Disse120. 
 
 
Figure 8. (A) SEM micrograph of a hepatic stellate cell (HSC) located within the space of Disse, surrounded by collagen 
fibrils (ECM) (Adapted from Motta et al., 197843). (B) BSEM micrograph revealing a hepatic stellate cell wedged between 
numerous hepatic parenchymal cells (HPC), located within the space of Disse (SoD). A vitamin A-containing lipid droplet 
(Ld) is visible within the HSC cytoplasm. (C) 3-D reconstruction of the hepatic stellate cell (red) corresponding to (B). 
The nucleus (white) lipid droplets (yellow) are also revealed. (D) Rotated model view of the hepatic stellate cell shown in 
(C) revealing a bizarre 3-D morphology, with lipid droplets (yellow) distributed throughout the cytoplasm. Scale bar: B-D 
= 10 µm. Species: (A): Rat; (B-D): Human. (B-D; ©G. Shami & F. Braet, 2018 – Unpublished Data).       
 
1.2.2.4. Pit Cells 
 
Pit cells (PTCs) were first reported and characterised in the rat liver by Wisse et al. in 1976121 
by means of TEM. PTCs were so named from their characteristic feature of spherical dense 
granules in the cytoplasm (‘pit’ referring to the multiple seeds of grapes). Their designation as 
one of the four cell types comprising the hepatic sinusoids was later confirmed by Kaneda et 
al. (1983)122, who also revealed that they were natural killer cells.  
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Contemporarily, PTCs are regarded as liver-specific lymphocytes with natural-killer 
activity, which are situated in the lumen of the hepatic sinusoids, adhering to LSECs and KCs 
by means of well-developed pseudopodia123. They are seldom found in the space of Disse or 
portal connective tissue124. PTCs measure 6-8 µm in diameter and have a large lymphocytic 
appearance, which exhibit a higher cytoplasmic volume compared to that of conventional 
lymphocytes. At the subcellular level, PTCs contain a pale cytoplasm and numerous granules 
that display a pronounced accumulation at one side of a heterochromatic nucleus. The most 
characteristic ultrastructural features of PTCs are the presence of dense azurophilic granules 
or ‘pits’ with a diameter between 300-600 nm, and rod-cored vesicles with a diameter 
averaging 200 nm. Pits are characterised by an electron-dense core surrounded by an electron-
lucent space, which is limited by a smooth or sinuous membrane121. Their granules contain 
the cytolytic and serine proteases perforin and granzyme, which are responsible for the 
initiation of apoptosis of tumour cells125. PTCs destroy target cells by the induction of 
receptor-mediated apoptosis (death-receptor pathway) and the augmentation of other immune 
cells via cytokine secretion, such as T-cells and macrophages through interferon-gamma 
production126. The rod-cored vesicles are small electron-lucent vesicles containing a non-
crystalline, rod-like structure measuring between 30-50 nm127. To-date, the chemical 
composition of the rod is unknown, however they are thought to contain cytotoxic factors 
functioning in natural cytotoxicity128. Of note, the present description of PTCs applies to rat 
liver. Natural killer cells of human liver do not have the same morphology as those described 
in rat liver129.  
 
1.3. Biliary System 
 
The biliary system, or biliary tree (in three-dimensions) refers to the network of intercellular 
canaliculi that bile passes through, which originates as an exocrine secretion of the 
hepatocytes. Bile first passes though these bile canaliculi, an intercellular space comprising 
the smallest branches of the biliary tree, formed by the opposing plasma membranes of 
adjacent hepatocytes (Fig. 9). Under the SEM, open canaliculi measure between 0.5 to 1.0 µm 
in diameter and are tightly sealed off from the intercellular compartment by junctional 
complexes, including zonula adherens and desmosomes36.  
Bile is transported centrifugally – that is from the region of the central vein toward to 
portal canal (a direction opposite to the blood flow) – into the short canals of Hering, which 
are partially lined by cuboidal bile duct epithelial cells, called cholangiocytes. The bile from 
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the canal of Hering continues to flow into the intrahepatic bile ductules and then the 
interlobular bile ducts that form part of the portal triad (see Figs. 2 & 3). Within this portion 
of the biliary tree, cholangiocytes increasingly become columnar in morphology as the ducts 
approach the porta hepatis. The interlobular ducts join to form the right and left hepatic ducts, 
which in turn join to form the common hepatic duct where the bile is subsequently transported 
to the gallbladder where it is stored. It finally passes to the duodenum where it is released 
through the sphincter of Oddi130.  
 
 
Figure 9. SEM micrograph of freeze-fractured liver tissue revealing the bile canaliculi (BC) running along the plasma 
membranes of a plate of hepatic parenchymal cells (HPC). The inset corresponding to the white bounding box reveals a 
higher magnification view of the bile canaliculi, showing projections of hepatocytic microvilli within the canalicular lumen. 
(B) TEM micrograph revealing a bile canaliculus (BC) between two tight junctions (TJ), formed by the apposing plasma 
membranes of two adjacent hepatic parenchymal cells (HPC1 and HPC2). Hepatocytic microvilli (Mv) increasing the 
surface area for the secretion of bile are visible, occupying a significant portion of the canalicular lumen. Scale bars: A = 
10 µm; A inset = 1 µm; B = 2 µm. Species: Rat. (©G. Shami & F. Braet, 2018 – Unpublished Data). 
 
1.4. Lymphatic System 
 
Analogous to other organs, the lymphatic system in the liver functions as a tissue drainage 
and immunological control system, consisting of a non-contractile network and collecting 
system of lymphatic vessels. Hepatic lymph primarily originates from the spaces of Disse 
after it has been filtered, where it drains into the periportal connective tissue, which separates 
the portal canal and the outermost hepatocytes (space of Mall). Fluids and migrating cells 
within the space of Mall pass through pre-lymphatic vessels, enter the lymphatic capillaries 
and finally drain into either the portal, sublobular or superficial lymph vessels depending on 
their locations131-133.  
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1.5. Non-Alcoholic Fatty Liver Disease (NAFLD)  
 
1.5.1. Overview  
 
Non-alcoholic fatty liver disease (NAFLD) is an umbrella term that encapsulates a continuum 
of disorders initially characterised by simple steatosis, involving the abnormal accumulation 
of fat within hepatic parenchymal cells in the absence of infection or excessive alcohol 
consumption (< 21 units in men and 14 units in women per week)195,196. Approximately 20-
30% of people with NAFLD develop non-alcoholic steatohepatitis (NASH) which is 
histologically characterised by ballooned hepatic parenchymal cells with accompanied 
steatosis and inflammation197. NASH may further progress to liver fibrosis, cirrhosis and in 
some cases hepatocellular carcinoma (Figs. 10 and 11)198,199.  
 
 
Figure 10. The spectrum of NAFLD. (©G. Shami & F. Braet, 2018 – Unpublished Data). 
 
NAFLD is the most common chronic liver disease worldwide, the prevalence of which 
in Western counties is 20-45%200-202, and is forecast to be the leading cause of end-stage liver 
disease in the coming decades203. The incidence of NAFLD is strongly linked with metabolic 
syndrome, which is a collection of cardiovascular risk factors that predispose an individual to 
developing type II diabetes and cardiovascular disease202. Risk factors for the development of 
metabolic syndrome and subsequently NAFLD are primarily lifestyle related, including 
cigarette smoking, physical inactivity and diets that model after a Westernised pattern, such as 
those high in fat, red meat and refined carbohydrates204. It has been demonstrated that the 
incidence of metabolic syndrome can be reduced and even reversed in some cases, through 
the cessation of smoking, increased physical activity and dietary modifications205-208.   
A simplistic ‘two-hit model’ has been proposed to outline the pathogenic components 
of NAFLD209. The first ‘hit’ involves the deposition of fat within the liver – namely free fatty 
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acids and triglycerides – in combination with the aforementioned risk factors that increase the 
susceptibility of the liver to ‘second hits’ and further degeneration, such as inflammatory 
cytokines, adipokines, oxidative stress and mitochondrial dysfunction 210-212. Whist the ‘two-
hit model’ is useful in providing a basic mechanism for the pathogenesis of NAFLD, it has 
come under criticism for its inadequacy in describing the intricacy of a highly complex 
disease, in which a multitude of factors are acting independently and in concert with one 
another213. For a comprehensive review outlining the individual stages of the pathogenesis of 
NAFLD see: Dowman, et al. 214. 
 
 
Figure 11. Histopathology of NASH. (A) Low magnification BSEM micrograph revealing a steatotic liver in which large 
lipid spheres (Ld) have accumulated within hepatic parenchymal cells (HPC), and inflammatory cells such as a 
polymorphonucleocyte (PMN) are present. A HPC of interest (blue) is outlined. (B) Higher-magnification image of the 
HPC shown in (A). An enormous lipid droplet (Ld) is visible occupying a signification portion of the cytoplasm. (C & D) 3-
D rendered models of the HPC (blue) shown in (A & B). Numerous lipid droplets (yellow) varying greatly in size are 
visible distributed throughout the cell cytoplasm. The two nuclei of the binucleate HPC appear to be pushed to the 
periphery due to the enormous centrally-located lipid sphere. Scale bars: A = 20 µm; B-D = 10 µm. (©G. Shami & F. 
Braet, 2018 – Unpublished Data). 
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1.5.2. Mitochondrial Dysfunction in NAFLD 
 
Although the mechanisms responsible for fatty liver are still not fully elucidated, 
accumulating evidence indicates that mitochondrial dysfunction plays a central role in the 
pathogenesis of NAFLD215. Such abnormalities include ultrastructural lesions, depletion of 
mitochondrial DNA, decreased activity of respiratory chain complexes and impaired β-
oxidation216,217. Of particular interest is the presence of ‘giant’ or ‘mega mitochondria’, which 
are peculiarly-shaped, enlarged mitochondria. Their internal configuration can be multifold, 
typically being characterised by a greatly augmented matrix218, atypically arranged and/or 
sparse cristae219, dense granules220,221, vacuoles222, myelin figures223 and intramitochondrial 
inclusions, referred to as crystalline224, crystalloid225, paracrystalline226 or filamentous227 (ICI) 
(Fig. 12).  
  
 
Figure 12. TEM micrograph of a giant mitochondrion revealing spare cristae, dense granules (DG) and numerous 
intramitochondrial crystalline inclusions (white arrow heads) within the mitochondrial matrix. Scale bar = 500 nm. (©G. 
Shami & F. Braet, 2018 – Unpublished Data).  
 
Whilst giant mitochondria have been documented within a plethora of species228-230, 
tissues231,232 and pathologies233-235, previous studies have primarily utilised conventional 2-D 
imaging approaches, providing a limited insight into the complex 3-D morphology, internal 
ultrastructure, distribution and relationship of these anomalous structures with functionally 
related organelles. Moreover, the difficulty and logistical issues associated with obtaining 
clinically relevant human tissue in patients afflicted by NAFLD means that limited literature 
is available, regarding the holistic morphological characterisation of an organelle, the 
DG 
DG 
Chapter 1                                                                                                                                               General Introduction 
 
  21 
dysfunction of which, is well-documented to play a crucial role in the pathogenesis of 
NAFLD.  
 
1.6. Visualisation of the Liver  
 
1.6.1. A Historical Perspective: The Origins of Liver Anatomy  
 
The earliest record of liver anatomy dates back to antiquity in which a common method of 
divination amongst Mesopotamian priests was the ritual of haruspicy or hepatoscopy – the 
practice in which the liver, entrails or other organs of a sacrificed animal were ‘read’ to divine 
the future134. The association between divination and anatomy came from the interests of 
priests, who regarded the liver as the site of the soul, and who consequently acquired a precise 
knowledge of the size, colour and external structure of sheep liver – the most common 
sacrificial animal. The earliest prevailing record of such anatomical descriptions are those 
depicted by specially devised clay models of the sheep liver (Fig. 13), which also served as 
topographical aids for mantic interpretation1,135. Such anatomical features included the right 
and left lobes (‘right and left wing’), the caudate lobe (‘fruit of the liver’), the papillary 
process (‘finger of the liver’) and the gallbladder, which was considered ‘the bitter part’. 
Numerous ‘holes’ scattered along the model’s surface are thought to represent the portal 
triads136. Nowadays, much of the modern liver anatomical terminology is derived from the 
ancient nomenclature used by the Babylonians over 3,000 years ago137.  
 
 
 
Figure 13. Visceral surface of a Babylonian clay model of a sheep’s liver with a divination text of the period of 
Hammurabi (c. 1900-1600 B.C.). Clearly recognisable features include: the left and right lobes, the caudate lobe, the 
smaller papillary process and the gallbladder with the cystic duct. Blood vessels are depicted as ‘holes’ or ‘passages’. 
(Used with permission: The British Museum, London138). 
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1.6.2. Light Microscopy 
 
1.6.2.1. Bright-Field Light Microscopy 
 
The emergence of bright-field light microscopy (BFLM) marked the greatest development in 
the characterisation of the liver at the tissue level. Its application in the 19th century was 
particularly profound, resulting in the discovery and description of a number of key 
structures, including: the hepatocyte and its core (Dutrochet, 1824), the liver lobule (Kiernan, 
1833), intralobular connective tissue (Hallman, 1839), the bile canaliculi (Henle, 1841), bile 
microcapillaries in peripheral hepatic lobules (Gerlach, 1848), hepatocellular trabeculae 
(Gerlach, 1854), glycogen (Bernard, 1857), Kupffer cells (von Kupffer, 1876), confirmation 
of the space of Disse (1890) and demonstration of the dual blood supply of the liver (Glenard, 
1890).  
Contemporarily, BFLM prevails as an important diagnostic tool in the evaluation of 
biopsies taken from patients with liver disease, because the concepts and classifications of 
liver disease are rooted in morphology139. Assessing a liver biopsy by means of BFLM in 
combination with an array specific histological and immunochemical stains (for a summary, 
see Table 2), allows pathologists to answer a number of important clinical questions such as 
disease causation, activity and staging and grading. Such factors are of critical importance, 
particularly when considering patient management and in therapeutic decision-making140. 
Whilst conventional BFLM has its merits in diagnostics, its resolving capacity (~200 nm) is 
fundamentally limited by the diffraction limit of light, as quantified by Abbe’s equation141. As 
a consequence, BFLM proves ineffective for high-resolution subcellular investigations.   
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Table 2. Summary of histological stains routinely applied to liver biopsies.   
Tissue/Cell Component Choice of Stain(s) Examples of Applications to Pathological 
Conditions 
Nucleus & cytoplasm Haematoxylin and eosin Used for staging and grading of primary or 
metastatic carcinoma. 
Nucleus, cytoplasm and 
connective tissue 
Trichrome stain (i.e. Masson, 
Mallory, Heidenhain, Cason, Gabe) 
Used for staging of chronic liver diseases such as 
perisinusoidal fibrosis associated with 
steatohepatitis, and periductal fibrosis in primary 
sclerosing cholangitis142. 
Reticulin (type III collagen) Reticulin stain (reduction of gold or 
silver salts), picro-sirius red method 
and benzo blue BB method 
Cirrhosis, hepatocellular carcinoma, nodular 
regenerative hyperplasia and collapse of the 
reticulin framework in necrosis143.  
Collagen  Chromotrope-aniline blue Important for the detection of new collagen 
formation, particularly alcoholic steatohepatitis139. 
Elastin Verhoeff’s stain, aldehyde-fuchsine, 
orcein and Victoria blue 
Useful in the identification of blocked vessels, 
allows the distinction between recent collapse and 
old fibrosis and in the detection of hepatitis B 
surface material139.  
Iron Perl’s and Prussian blue for iron Detection of iron overload syndromes (i.e. 
hemosiderosis of the liver)144,145. 
Glycogen Periodic acid-Schiff’s stain and 
Best’s carmine for glycogen 
Used to detect glycogen storage diseases146. 
Copper Rhodamine method Used to detect Wilson’s disease147. 
Amyloid Congo red method for amyloid Used to detect amyloidosis148. 
 
1.6.2.2. Fluorescence Microscopy 
 
Fluorescence is the light emitted by an atom or molecule after a finite duration subsequent to 
the absorption of high-energy photons. In most cases, the emitted light has a longer 
wavelength, and therefore lower energy, than the excitatory light149. The ‘fluorescence 
microscope’ (FM) refers to any microscope that harnesses fluorescence to generate an image 
i.e. a wide-field fluorescence microscope, confocal laser-scanning microscope (CLSM), 
multiphoton microscope or super-resolution microscope. 
 The application of fluorescence microscopy has been a particularly expedient 
technique in the investigation of the hepatic microstructure, in both normal and pathological 
conditions (Fig. 14). In one study, the authors were able to quantify hepatic stellate cells, 
which were distinguished due to the intrinsic autofluorescence of their intracellular vitamin A 
stores150. Moreover, the ability to induce fluorescence by directing antibodies against antigens 
– as in immunocytochemical staining – facilitates the specific visualisation and quantification 
of cells and/or structures of interest, whether they be fixed or in a dynamic state. With regard 
to the liver, such methods have been particularly useful in studying biopsy specimens of 
patients with autoimmune hepatitis151, primary biliary cirrhosis152 and non-alcoholic fatty 
liver disease153. In animal models, fluorescence microscopy and histochemical staining has 
also been utilised to gain insight into the cytotoxic reactions of invading colon cancer cells 
towards the hepatic sinusoids151, as well as the specific reactions between rat colon carcinoma 
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cells and Kupffer cells during the onset of hepatic metastasis154,155. More recently, confocal 
laser scanning microscopy has been employed in order to reconstruct large volumes of the 
three-dimensional hepatic microstructure, particularly of such complex structures as the bile 
canalicular and sinusoidal networks at the micrometre level156.  
 
 
Figure 14. Confocal laser scanning microscopy image of the hepatic microarchitecture specifically stained with 
fluorescent probes for actin (green; Alexa Fluor 488-phalloidin), lipid droplets (red; Nile blue) and nuclei (blue; DAPI). 
Scale bar = 30 µm. Species: Rat. (©G. Shami & F. Braet, 2018 – Unpublished Data).   
 
1.6.3. X-Ray Micro-Computed Tomography  
 
X-ray micro-computed tomography, commonly referred to as ‘Micro-CT’ is a non-destructive 
radiographic imaging technique that can produce 3-D images of a sample’s internal structure 
at a special resolution in the order of 2 µm157. Micro-CT systems consist of a sealed 
microfocus X-ray source, a CCD detector and a step-by-step rotational platform to which the 
specimen is attached. Images are formed by exposing a sample to X-rays, which are deflected 
based on the local radiodensity of the sample, thereby generating differential contrast. A 
series of 2-D images are captured as the specimen is rotated about a single axis. The images 
are then back-projected to form a 3-D reconstruction of the specimen (Fig. 15).  
 Throughout the literature micro-CT has been exploited as a particularly expedient 
technique for the large-volume reconstruction of the hepatic microarchitecture in 3-D. Such 
investigations include the characterisation of the hepatic vasculature in rats158 and the 
detection of liver metastasis in living mice159.   
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Figure 15. Micro-CT reconstruction of the hepatic microarchitecture. (A-C) reveal 2-D slicer images showing hepatic 
parenchymal cells arranged as radiating plates (grey) interspersed by branches of the hepatic vasculature (black) of 
varying sizes. Various perspectives of large blood vessels are revealed (BV). (D) 3-D reconstruction of the hepatic 
microarchitecture revealing two adjoining blood vessels that can be traced in 3-D. (©G. Shami & F. Braet, 2018 – 
Unpublished Data).    
 
1.6.4. Electron microscopy 
 
Electron microscopy (EM) is an imaging technique that utilises accelerated electrons as a 
source of illumination to reveal the ultrastructural detail of cells and tissues, far surpassing 
the magnification and resolution capabilities offered by optical light microscopes160,161. The 
primary improvement in the resolving capacity of the EM versus the light microscope is 
attributed to a reduction in the wavelength of electrons (0.005 nm) compared to that of visible 
light (~500 nm), which translates to an improvement in resolution by a factor of 103. The two 
most common variants of EMs are the transmission electron microscope (TEM) and scanning 
electron microscope (SEM), which are capable of providing internal and topographic 
ultrastructural data, respectively, at the supramolecular level.  
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1.6.4.1. Two-Dimensional Electron Microscopy Modalities  
 
1.6.4.1.1. Theoretical Principals  
 
The TEM uses a high-voltage electron beam to create an image produced by an electron gun, 
commonly fitted with a tungsten or lanthanum hexaboride filament162. The electron beam is 
accelerated by an anode (typically between 40 to 400 keV) with respect to the cathode, 
focused by electromagnetic lenses and transmitted through the specimen that is in part 
transparent to electrons, and in part scatters them, creating ‘phase differences’. It is this 
spatial variation in the beam emerging from the specimen that forms the final ‘image’ which 
can be observed on a fluorescent viewing screen that is coated with a phosphor material163. 
Contemporarily, images are recorded by means of a lens optical system, or a fibre optic light-
guide to the sensor of a charge-coupled device (CCD) camera164. The old-fashioned method 
of direct exposure to a classical photographic emulsion on sheet or plate provided excellent 
results but has nevertheless been abandoned.  
In the SEM, a demagnified spot of electrons is scanned over the surface of an 
electrically conductive specimen that produces a variety of signals. Low-energy secondary 
electrons (<50 eV) originating from the specimens’ surface, or high-energy backscattered 
electrons (>50 eV) that are ejected back out from deeper within the sample are collected by 
one or more detectors (i.e. Everhart-Thornley detector), processed and translated to form a 
high-resolution pseudo-three-dimensional image of the sample surface161,165. For a 
comparison of the primary differences between conventional SEM and TEM, see Table 3.  
The scanning transmission electron microscope (STEM) combines features of the both 
the TEM and SEM, and can be constructed from modifications of either of these systems 
through the insertion of a grid holder at the level of the specimen and a specialised electron 
detector (e.g. a high-angle annular dark-field detector). STEM enables the highly efficient and 
flexible collection of different elastic and inelastic signals that result from the interaction of a 
focused probe of incident electrons which is scanned across the specimen (for a review, 
see166).  
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Table 3. Summary of the primary differences between conventional SEM and TEM in the life sciences. (Adapted from 
Nanakoudis 167).     
 SEM TEM 
Type of electrons Scattered Transmitted 
Accelerating voltage 1 – 30 kV 60 – 300 kV 
Specimen thickness nm – cm  Typically < 150 nm  
Type of information Pseudo-3-D topographical information 2-D projection image of internal 
structure 
Practical magnification range 20x – 200,000x  800x – 300,000x 
Practical spatial resolution 5 nm  1 nm  
Image formation  Electrons captured on a detector and 
viewed on a PC screen 
Direct imaging on a fluorescence 
screen or PC screen with electron-
sensitive detector 
  
1.6.4.1.2. Contributions to the Investigation of the Hepatic Architecture 
 
The genesis of biological electron microscopic investigations first originated in 1934 when 
Ladislaus Marton constructed a TEM with three lenses and used it to form the first image of a 
15 µm thick leaf of a sundew plant, which was impregnated with osmium tetroxide168,169. In 
subsequent years, improvements in EM technology and the development of specimen 
preparation protocols by such notable figures as George Palade170, have played a profound 
role in both redefining previously held conceptions regarding tissue morphology and cellular 
differentiation, whilst further advancing knowledge and facilitating fine-structure 
characterisation from the tissue to supramolecular level amongst an extensive array of 
biological organisms.  
Please note, the following text is also partially included in the “Introduction” of 
Chapter 3, however has been included for completeness of this chapter. The application of 
EM within the field of hepatology has been particularly well documented throughout the 
second half of the twentieth century, providing valuable insight into the hepatic 
architecture42,171-173. Specifically, these include the ultrastructural characterisation of both the 
parenchymal and non-parenchymal cells, as well as the differentiation of the various cell 
types comprising the hepatic sinusoids and biliary and lymphatic systems (for an overview, 
see sections 1.2.1 to 1.4). More specifically, such fine-structure details as the presence and 
characteristics of liver sinusoidal endothelial cell fenestrae were visualised for the first time, a 
feat previously unattainable using conventional light microscopy and immersion fixation60. 
EM has also contributed a great deal in morphometric studies, providing a quantitative basis 
for understanding both the normal and diseased liver. These have included the distribution 
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and measurement of subcellular structures in stereological studies28, the regulatory role of the 
thymus in the aging liver174 and the effect of ursodeoxychlic acid in primary biliary 
cirrhosis175.  
Despite the expedience of diagnostic EM in a limited number of applications such as 
determining vascular changes in different hepatic diseases (e.g. sinusoidal stenosis and 
sinusoidal capillarisation), diagnosing cholestasis, establishing the origin of liver tumours and 
demonstrating sinusoidal haemangioendothelioma176,177, its use has not been as extensively 
employed in diagnostics as has light microscopy. This is attributable to a number of factors 
including, the immense cost of establishing EM facilities, the requirement of specialist 
expertise and learning, low throughput and typically long sample preparation times, all of 
which conflict with the requirements of diagnostic medicine. Despite these limitations, it is 
argued that diagnostic EM should be seriously considered under the following circumstances: 
(1) to establish the nature of an inborn error of metabolism; (2) to establish the presence of 
viral infection; (3) to establish the nature of a tumour of doubtful histogenesis; (4) to establish 
the presence of specific drug-related changes; (5) to study changes in the extracellular matrix 
(e.g. basal lamina in kidney disease; (6) to provide material for research139.  
 
1.6.4.1.3. The Problem: Limitations of Two-Dimensional Imaging 
Modalities 
 
Most biological specimens consist of complexly arranged pleomorphic assemblies and 
subcellular structures of varying size and shape that are arranged in three-dimensions, 
whereas histologic sections are only two-dimensional. Because these sections only encompass 
a small volume of the total specimen, it is almost impossible to ascertain the morphology of a 
structure that is larger (and most structures are) than the thickness of the section. 
Additionally, the plane of sectioning does not always bisect these structures in exact 
transverse or cross-section, resulting in a variable appearance depending upon the angle of the 
plane of section178 (Fig. 16).  
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Figure 16. Sectioned structures and their three-dimensional form in a tissue block. Because of the plane of sectioning, 
the true three-dimensional structure of biological components is lost. (Pink) a circle seen in the section is actually an 
elongated object; (green) a ring-like structure in the section is actually a hollowed cylinder; (blue) a small circular object 
in the section is actually predominantly large in diameter; (yellow) an object which appears large is actually of a 
predominantly small diameter; (red) Three individual objects in section are part of one single object; (purple) what 
appears as two isolated objects are part of a single U-shaped structure. (Adapted from Bozzola & Russell, 1999161).  
 
The traditional method to circumvent the inherent limitations of two-dimensional 
imaging modalities was to construct a three-dimensional model via the superimposition of 
numerous two-dimensional images acquired from a serially sectioned object, thus allowing 
for the holistic visualisation of an entire structure as it appears in nature – not accounting for 
morphological changes imposed by specimen preparation techniques179,180. Although this has 
the advantage of allowing the visualisation of large volumes of the cells’ interior, it also has 
the limitation that the depth resolution cannot exceed twice that of the section thickness181. 
Moreover, the process of manually serially sectioning an object is a technically demanding 
and arduous task that is riddled with several sources of error, such as section compression and 
loss of serial sections, which results in an incomplete data set182. When also considering the 
diminutive size of subcellular structures relative to the thickness of ultrathin sections for 
electron microscopy (typically between 30-100 nm), it becomes increasingly obvious that 
serial sectioning and reconstruction is limited in wholly revealing three-dimensional structure 
and morphology in the z-dimension.  
 
 
 
Tissue Block 
Section 
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1.6.4.2. Three-Dimensional Electron Microscopy Modalities 
 
1.6.4.2.1. Transmission Electron Tomography (TET) 
 
Transmission electron tomography (TET) or three-dimensional transmission electron 
microscopy (3-D TEM) is a method for reconstructing the volume of an object from its 
projections183. It is a particularly well-suited technique for the ultrastructural investigation of 
cellular organelles, subcellular assemblies and in some cases, whole cells, with a practical 
resolution within the 5-20 nm range184.  
 For TET, ultrathin or semithin (0.1-1.0 µm) plastic sections are incrementally tilted in 
a TEM equipped with a motorised goniometer (tilt stage) and imaged using a CCD camera at 
every 1-2˚, through a tilt range up to ± 70˚. The sample is subsequently rotated 90˚ using a 
specialised specimen holder – in order to mitigate data loss which occurs due to the limited 
tilt angle – and a second data set is acquired. The images comprising the ‘dual axis tilt’ are 
then automatically aligned and then ‘back-projected’ using computer software (e.g. ETomo) 
to generate a three-dimensional reconstruction or ‘tomogram’ of the specimen185 (Fig. 17).  
 After the three-dimensional reconstruction is computed, the user is able to view 
sequential two-dimensional slices of the sample volume on a computer monitor, with the 
thickness of the z-stack images corresponding to the pixel size chosen during digitisation. 
Although visualising the three-dimensional model may be sufficient by viewing sequential z-
stack slices, it is often desirable to isolate structures of interest (e.g. organelles) in order to 
analyse structural, morphological and quantitative data. The most common approach is to use 
some form of segmentation, in order to extract features of interest from the total volume, and 
then to view the sub-volume using surface- or volume-rending methods. Segmentation is 
generally achieved by manually tracing around structures of interest, in order to delineate 
them from the total sample volume, and various colours may be used in order to differentiate 
individual objects of interest184. Computer software (e.g. IMOD) then overlays the contours 
drawn on the individual z-stack images, subsequently forming a three-dimensional model that 
can be manipulated, viewed from various angles and from which quantitative data can be 
extrapolated. Given the labour-intensive nature of segmentation as well as the vast number of 
z-stack images required to form a meaningful volume of the sample, this step is typically the 
most time-consuming in electron tomography.   
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Figure 17. Principal of transmission electron tomography. (A) A series of projection images is acquired from the object 
as it is incrementally tilted. (B) The images are then back-projected in order to distribute the known specimen mass 
evenly over computed back-projection rays that essentially retrace the path of the imaging rays, forming a three-
dimensional model. (From Gan and Jensen, 2012185).  
 
1.6.4.2.2. Three-Dimensional Scanning Electron Microscopy (3D-SEM) 
 
1.6.4.2.2.1. Serial Block-Face Scanning Electron Microscopy (SBF-SEM) 
 
The current best method for reconstructing large volumes of biological material (up to several 
hundred microns thick) is automated serial block-face scanning electron microscopy (SBF-
SEM), combined with either serial ultrathin sectioning or focused ion beam (FIB) milling 
inside the chamber of a scanning electron microscope186. Under this method the surface of the 
block of resin-embedded fixed tissue (not the cut or milled section) is imaged via detection of 
backscattered electrons – producing a TEM-like image displaying inverted contrast. After 
each section, the block is raised by as little as 30 nm in the SEM to ensure focus is maintained 
and imaging may proceed ad libitum. In this fashion, the SEM can automatically acquire 
many thousands of images in perfect alignment. Segmentation and modelling of structures of 
interest proceeds in the same manner as per electron tomography (see section 1.6.4.2.1.). 
 
1.6.4.2.2.2. Serial Section Scanning Electron Microscopy (S3EM)  
 
Serial section scanning electron microscopy (S3EM)187 also referred to as ‘array tomography’ 
is a method for reconstructing large cellular volumes from the superimposition of the same 
region of interest, captured from hundreds-to-thousands of consecutive serial sections. 
Typically, serial sections are collected on a glass slide or conductive substrate (e.g. Indium-
Tin-Oxide coated slide or silicon wafer), which are subsequently imaged via inverted 
backscattered electron detection within the chamber of a SEM (Fig. 18). The technique is 
A B 
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superior to serial section TEM in that large cellular volumes can be imaged at the nanometre 
resolution, without regions of interest being obstructed by grid bars, or the constant necessity 
to exchange samples in order to probe large depths. S3EM is also compatible with direct 
correlative light and electron microscopy (CLEM), where light and electron microscopy can 
be performed directly on the same sample188. 
 
 
Figure 18. General serial section SEM workflow. (A) Hundreds of serial ultrathin sections floating within the water bath 
of a histo jumbo knife. (B) Schematic revealing serial sections adhered to a glass slide (red bounding box), and a 
magnified inverted backscattered electron image (green bounding box) captured within the chamber of a high-resolution 
SEM. (C) Image stack registration, aligning the same region of interest captured from each serial section, producing a 3-
D dataset from which structures of interest can be traced along vast depths at the nanometre scale. (D) 3-D 
reconstruction of structures of interest traced from the z-stack in image (C). (©G. Shami & F. Braet, 2018 – Unpublished 
Data).    
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1.7. Correlative Light & Electron Microscopy  
 
The term ‘correlative microscopy’ is employed in the biomedical literature to designate any 
combination of two or more microscopic techniques applied to the same region in a biological 
specimen. The purpose of correlative microscopy is to obtain complementary data; each 
imaging modality providing different information on the specimen that is under 
investigation189. A number of different combinations of correlative microscopy exist, however 
the most commonly used combines fluorescence microscopy with either transmission- or 
scanning electron microscopy190.    
 CLEM makes use of the fact that imaging with photons on the one hand, and electrons 
on the other, offers specific advantages over one another. For instance, the low-magnification 
range inherent to fluorescence microscopy is particularly well suited for the rapid scanning of 
large sample areas, with the possibility to selectively image labelled features within the 
specimen. Conversely, the high magnification and resolution that can be achieved by EM 
allows for the subsequent ‘zooming in’ on selected areas of interest to obtain ultrastructural 
detail.  
Fundamental to the combination of such imaging modalities is a means of relocating 
specific structures of interest. Several factors make it extremely challenging to retrieve the 
same region of interest between two different imaging modalities. Firstly, the appearance of 
the specimen appears dramatically different between light and electron microscopes, owing to 
the fact stains for LM are mostly dye-based, whereas EM stains employ heavy atoms – thus 
the same stains usually cannot be visualised both by LM and EM191. Variations in tissue, 
cellular and subcellular structure may further be induced by specimen preparation procedures, 
namely dehydration, which results in significant (~30%) shrinkage of the sample. Owing to 
the various influences that confound specimen relocation, it is essential to utilise tools that aid 
in the retrieval of regions of interest for subsequent registration. For correlative fluorescence 
and TEM this is usually achieved with the aid of finder grids, allowing the transfer of 
coordinates of the labelled features of interest between the light and electron microscope. The 
accuracy of the relocation depends on the type of molecular labels used, on the resolution at 
the FM level and on the error of the coordinates transfer 192. Another common method is to 
utilise morphological landmarks, such as a distinctive structural feature, clearly visible 
irrespective of the LM or EM approach utilised. For a comprehensive list of CLEM relocation 
methods, see Su, et al. 193 and 194. 
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1.8. Thesis Aims  
 
This thesis broadly aims to investigate the normal and pathological ultrastructure and 
microarchitecture of murine and human liver tissue in 3-D, exploiting various multimodal and 
multi-dimensional imaging modalities in a complimentary, combined and/or correlative 
manner, utilising: serial block-face scanning electron microscopy, transmission electron 
tomography, bright-field light microscopy, confocal and multiphoton laser scanning 
microscopy and X-ray micro-computed tomography. The specific aims of each experimental 
chapter are outlined as follows: 
 
Chapter 2: To firstly validate and comprehensively appraise five sample preparation 
protocols applied to rat liver tissue, to determine the preservation quality and degree of 
contrasting of a range of subcellular structure, in order to assess the suitability of such 
protocols for the application of SBF-SEM. To secondly, perform 3-D modelling and 
morphometric analysis (utilising the most superior SBF-SEM protocol) to visualise and 
quantify key features of the hepatic microarchitecture (hepatic parenchymal cells, the hepatic 
sinusoidal and the bile canalicular network). To finally perform large-volume 3-D CLEM, 
utilising selective molecular probes for CLSM (actin, lipid droplets and nuclei), combined 
with the 3-D ultrastructure of the same structures of interest, as revealed by SBF-SEM.   
 
Chapter 3: To develop a straightforward combinatorial sample preparation approach, 
followed by a swift multimodal imaging workflow – utilising, Micro-CT, BFLM and S3EM – 
in order to cross-correlate structure-function information on the same sample across different 
volume and length scales.  
 
Chapter 4: To develop a novel “silver filler pre-embedding approach” in order to reduce 
artefactual charging, minimise dataset acquisition time and improve resolution and contrast in 
rat liver tissue prepared for SBF-SEM.   
 
Chapter 5: To employ a complementary imaging approach involving S3EM and TET in 
order to comparatively analyse the structure and morphometric parameters of thousands 
normal- and giant mitochondria in four human patients diagnosed with NAFLD, to reveal 
functional alterations associated with mitochondrial gigantism and propose a mechanism for 
their formation.  
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Chapter 6: Finally, the significance of the results obtained, and major scientific advances 
reported in this work are discussed in-depth against the relevant literature. This is proceeded 
by the future outlooks and research that remains to be done, followed by the main conclusions 
of this Ph.D thesis.  
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3-D EM exploration of the hepatic 
microarchitecture – lessons learned 
from large-volume in situ serial 
sectioning
Gerald John Shami1, Delfine Cheng1, Minh Huynh2, Celien Vreuls3, Eddie Wisse2,4,5 & 
Filip Braet1,2,6
To-date serial block-face scanning electron microscopy (SBF-SEM) dominates as the premier technique 
for generating three-dimensional (3-D) data of resin-embedded biological samples at an unprecedented 
depth volume. Given the infancy of the technique, limited literature is currently available regarding 
the applicability of SBF-SEM for the ultrastructural investigation of tissues. Herein, we provide a 
comprehensive and rigorous appraisal of five different SBF-SEM sample preparation protocols for the 
large-volume exploration of the hepatic microarchitecture at an unparalleled X, Y and Z resolution. In 
so doing, we qualitatively and quantitatively validate the use of a comprehensive SBF-SEM sample 
preparation protocol, based on the application of heavy metal fixatives, stains and mordanting agents. 
Employing the best-tested SBF-SEM approach, enabled us to assess large-volume morphometric data 
on murine parenchymal cells, sinusoids and bile canaliculi. Finally, we integrated the validated SBF-
SEM protocol with a correlative light and electron microscopy (CLEM) approach. The combination of 
confocal scanning laser microscopy and SBF-SEM provided a novel way to picture subcellular detail. We 
appreciate that this multidimensional approach will aid the subsequent research of liver tissue under 
relevant experimental and disease conditions.
The advent of electron microscopy (EM) modalities in the early 1930s{Knoll and Ruska1 #16} and their subse-
quent application throughout the biological sciences not long thereafter{#172; Porter et al.3 #18; #172; #172; Ruska 
et al.4 #19}, heralded a new era in analysing the complex geometric arrangement of biological cells and tissues at 
the nanometre scale. Throughout the infancy of EM techniques, including both transmission (TEM) and scan-
ning electron microscopy (SEM), the structural information gained was limited to two-dimensional (2-D) space, 
providing a mere snapshot of innately three-dimensional (3-D) structures.
Throughout the mid-1950s, advances in ultramicrotome design and specimen preparation procedures{Porter 
and Blum5 #25} facilitated the generation of 3-D ultrastructural information via the superimposition of con-
secutive 2-D TEM micrographs that were acquired from a serially sectioned specimen – a technique dubbed 
serial-section TEM (ssTEM){#3876; Gay and Anderson7 #6; Ware and Lopresti8 #9; Porter, 1953 #25}. Throughout 
the ensuing years, the application of ssTEM had a profound impact in generating 3-D data ranging from the 
whole organism to subcellular level{White et al.9 #24; #2310; #3111}. Currently, ssTEM is regarded as a partial effort 
in the generation of 3-D information, primarily due to the fact that it is a highly arduous and labour-intensive 
technique that is riddled with several sources of error, such as section compression and the loss of serial sections, 
which ultimately results in an incomplete data set. The tediousness of the technique is further compounded by 
the necessity to align image stacks in order to correct for misalignments that occur during the manual imaging of 
successive sections{Williams and Kallman12 #15}. Moreover, the generation of high-resolution axial resolution is 
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fundamentally limited to the thickness of the resin section, and when considering the diminutive size of particular 
subcellular structures, it becomes apparent that serial sectioning between the conventional range (30–70 nm) may 
be insufficient in revealing the necessary ultrastructural information to fully encapsulate structures of interest.
More recently, automatic tape-collecting ultramicrotomy{Hayworth et al.13 #62} (commercially referred to as 
ATUM-SEM{Schalek et al.14 #61}) combined with backscattered electron imaging in a SEM has alleviated many 
of the difficulties associated with conventional ssTEM. The technique involves automated collection of ultrathin 
sections onto glow discharged Kapton tape, which are subsequently attached to silicon wafers prior to imaging. 
Integrated hardware and software solutions have further alleviated the need to manually image serial sections; 
allowing the automated relocation, imaging and 3-D reconstruction of regions of interest (ROIs). For a review of 
volume SEM imaging techniques, see {Titze and Genoud15 #60@@author-year}.
In the late 1960s, tilt-based electron tomography (ET) emerged as an alternative means to reconstruct the inte-
rior volume of biological structures, whereby specimens are incrementally tilted by virtue of a goniometer in a TEM 
through a range up to ± 70° and an image acquired at each 1–2° tilt increments{De Rosier and Klug16 #27; #5917; 
#2818}. The images are then aligned and back-projected in order to generate a 3-D reconstruction or tomogram of 
the specimen{Gan and Jensen19 #15}. The application of ET has been prolific in revealing high-resolution informa-
tion of an array of diminutive structures including cells, organelles and macromolecular assemblies{Beck et al.20  
#9; Lucic et al.21 #13; Shami et al.22 #12}. However, this approach is not suitable when sections thicker than 1–5 μ m 
need to be reconstructed from a single acquisition{Baumeister et al.23 #30; Favard and Carasso24 #34}.
Contemporarily, serial block-face scanning electron microscopy (SBF-SEM) combined with automated 
ultramicrotomy within the chamber of a SEM has emerged as a technique that fills the gap between ssTEM 
and ET. SBF-SEM is a powerful technique facilitating the automated reconstruction of large volumes of 
resin-embedded biological material – up to a depth of 600 μ m – with a lateral resolution matching the capabilities 
of a high-resolution field-emission SEM (FESEM). The first application of SBF-SEM originated with Leighton in 
1981, who constructed a miniature ultramicrotome that functioned within the chamber of an SEM in order to 
generate successive images of the surface of an epon-embedded block of squid{#3225}. The technique was further 
refined by {Denk and Horstmann26 #26@@author-year} and subsequently commercialised by Gatan in a system 
referred to as the 3View. In the 3View, the surface of a block of resin embedded biological material is imaged by 
means of backscattered electron detection. Once an image has been acquired, the block is raised by as little as 
15–200 nm to ensure focus is maintained, and an ultrathin section is cut from the surface of the block by virtue of 
an ultramicrotome equipped with a diamond knife within the specimen chamber of the SEM{Hughes et al.27 #35}. 
In this manner, it is possible to generate and assemble images of subsequent cut and re-cut surfaces of pre-aligned, 
large volumes of biological material.
To date, much of the literature employing SBF-SEM in biology has focused on the investigation of lipid-rich 
tissues such as the brain, which are contrasted using high concentrations and concomitant applications of heavy 
metal stains and mordanting agents prior to embedding{Denk and Horstmann26 #26; Wanner et al.28 #37; Jurrus 
et al.29 #39}. Limited data is currently available describing the harsh effects that such specimen preparation pro-
tocols could have on true ultrastructure. Therefore, we herein present a comprehensive appraisal of five sample 
preparation protocols applied to liver tissue, with a focus on determining the preservation quality and degree 
of contrasting of a range of subcellular structures, in order to determine the suitability of such protocols for the 
application of SBF-SEM. Next, we perform 3-D modelling and subsequent comparative morphometric analysis in 
order to holistically visualise and quantify key features of the hepatic microarchitecture, including parenchymal 
cells, the hepatic sinusoids and the bile canalicular network. Finally, we further demonstrate the applicability of 
the validated SBF-SEM approach for subsequent correlative light and electron microscopy studies, in order to 
combine the best practice of utilising selective molecular probes for confocal laser scanning microscopy studies 
(CLSM), with the 3-D ultrastructural resolving power of SBF-SEM.
Results
Appraisal of sample preparation protocols for SBF-SEM. During the first part of this study, we 
assessed the fixation quality and degree of contrasting of a variety of subcellular structures, based on the five sam-
ple preparation conditions tested. Such treatment appeared necessary to obtain sufficient contrast and to prevent 
charging artefacts for the large-volume reconstruction of the hepatic microarchitecture by means of SBF-SEM 
(Table 1, Fig. 1). It should be noted that backscattered electron micrographs are displayed with inverted contrast 
– an automated function during image acquisition – thus resembling the appearance of conventional TEM micro-
graphs, thereby assisting with subsequent image analysis and interpretation.
At the gross cellular level, all samples displayed an analogous appearance, with parenchymal cells being char-
acterised by a large, elongated polyhedral morphology, whilst sinusoids were patent and largely devoid of eryth-
rocytes. A comparison of morphometric measurements on parenchymal cells and sinusoids, revealed only minor 
variations amongst the various protocols (Fig. 2).
At the ultrastructural level however, significant variations regarding preservation quality and the degree of 
contrasting of particular subcellular structures were evident amongst the five experimental conditions examined 
(Table 1).
Under the SCF and GOT protocols (Fig. 1A–F), tissues displayed good overall preservation quality and mod-
erate contrasting of subcellular structures, including the plasma and nuclear membranes and lipid droplets. Of 
particular noteworthiness, was the absence of glycogen in the form of glycosomes or rosettes, throughout the 
parenchymal cell cytoplasm. Tissues prepared under the SCF and GOT protocols additionally revealed the lowest 
signal-to-noise ratio and global contrast measurement of the five experimental protocols examined (Fig. 2E,F).
Tissues prepared under the TAMOI protocol (Fig. 1G–I) revealed equal or superior fixation quality and con-
trasting of all subcellular structures relative to the SCF and GOT protocols. The most notable improvements 
in contrasting were observed amongst lipid-containing structures including cellular membranes, which were 
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sharply delineated, in addition to large cytoplasmic lipid droplets, which appeared spherical in morphology and 
highly electron-dense. Relative to the SCF and GOT protocols, glycogen was visible throughout the cytoplasm of 
parenchymal cells, but displayed low overall staining.
Under the ROUM protocol (Fig. 1J–L), significant improvements were realised with regards to both preserva-
tion quality and the degree of contrasting of all selected subcellular structures relative to the three previous pro-
tocols. Of particular noteworthiness, was the greater level of contrasting of such structures as glycogen rosettes 
and the rough endoplasmic reticulum.
Tissues prepared under the NCMIR protocol (Fig. 1M–O) displayed the highest signal-to-noise ratio (1.9-fold 
improvement relative to the control) (Fig. 2E) and global image contrast (Fig. 2F), in addition to the highest 
preservation quality and contrasting of all subcellular structures of the five conditions tested (Table 1). Cellular 
membranes, including both the plasma and nuclear membranes were highly contrasted and clearly delineated 
from the cytoplasm. At high magnification, it was possible to observe such fine structural details as mitochondria 
cristae. The morphological appearance of lipid droplets was analogous to that of the four previous protocols, but 
revealed a denser staining periphery and a lighter staining core (Figs 1M and 3B). At all magnifications, images 
from tissues prepared under the NCMIR protocol showed little variation with regards to the maintenance of 
ultrastructural integrity, in comparison to the SCF and GOT protocols.
3-D modelling and visualisation. Given the excellent preservation, contrasting and morphometric simi-
larity to tissues prepared under conventional protocols, 3-D modelling was performed on tissues prepared under 
the NCMIR protocol (Figs 3 and 4).
3-D modelling data revealed parenchymal cells as large, elongated polyhedral cells (Fig. 4B) that were radially 
arranged as plate-like sheets (Fig. 3C,F). They measured 27.3 ± 6.8 μ m in diameter, had an average volume of 
11,327.20 ± 2,968.60 μ m3 and occupied 80.6% of the total liver microarchitecture by volume (Fig. 5A).
The mean surface area of the parenchymal cell plasma membrane measured 2,968.60 ± 457.15 μ m2 and was 
divided into three distinct domains, of which 55% formed the parenchymal cell-to-parenchymal cell contact, 32% 
formed the parenchymal cell-to-sinusoid contact and 13% formed the parenchymal cell-to-bile canaliculi contact 
(Fig. 5B). At least two faces of an individual parenchymal cell were in contact with the hepatic sinusoids, with 
14.7% of parenchymal cells facing two sinusoids, 61.8% facing three sinusoids and 23.5% facing four sinusoids 
(Fig. 5C).
The hepatic sinusoids, which are lined by a thin fenestrated endothelium, appeared as a network of tortuous 
channels that were largely devoid of red blood cells, as a consequence of jet-fixation (Figs 3E and 4D). They meas-
ured 8.81 ± 2.20 μ m in diameter and occupied 19.2% of the liver microarchitecture by volume. 3-D analysis also 
revealed the frequency distribution of sinusoidal branching points from a given sinusoidal node – i.e. the con-
necting point where multiple sinusoidal vessels meet – with 11.7% of sinusoidal nodes involving two sinusoidal 
capillaries, 60.7% involving three sinusoidal capillaries and 27.9% involving four sinusoidal capillaries (Fig. 5C).
The bile canalicular system, appeared as a complex 3-D network formed by the apposing plasma membranes 
of adjacent parenchymal cells, of which a minimum of three facets of an idealised six-sided parenchymal cell were 
taking part in the formation of bile canaliculi (Figs 4B and 5B). In cross-section, the bile canaliculi appeared as 
empty circular profiles, measuring 1.02 ± 0.29 μ m in diameter and occupied a total of 0.2% of the liver microar-
chitecture by volume.
Correlative light and electron microscopy (CLEM). In the second part of this study, we applied a 
CLEM approach – combining confocal laser scanning microscopy (CLSM), X-ray micro-Computed Tomography 
(micro-CT) and SBF-SEM – utilising the NCMIR protocol, previously determined to provide good preservation 
quality and contrasting of a range of subcellular structures (Table 1), relative to the five experimental conditions 
tested.
Cellular structures
SCF GOT TAMOI ROUM NCMIR
Pres. Cont. Pres. Cont. Pres. Cont. Pres. Cont. Pres. Cont.
Plasma membrane + + + + + + + + + + + + + + + + + + 
Rough endoplasmic 
reticulum + − + − + + + + + + + + + + + + + 
Mitochondria ± − ± − + + + + + + + + + + + + 
Lipid droplets + + + + + + + + + + + + + + + + + + + + + + + 
Glycogen nv nv nv nv + + + + + + + + + + + + + 
Nuclear membrane + ± + + + + + + + + + + + + + + + + 
Chromatin + + ± + + ± + + + + + + + + + + + + + + + + + 
Nucleoli + + + + + + + + + + + + + + + + + + 
Table 1.  Qualitative appraisal of different specimen preparation protocols with effects on the degree of 
preservation quality (pres.) and contrasting (cont.) of selected subcellular structures visible at the  
acquired magnification. Criteria used in assessing fixation quality based on morphology: (nv) not visible;  
(− ) poor; (± ) satisfactory; (+ ) good; (+ + ) very good; (+ + + ) excellent. SCF, standard chemical fixation; GOT, 
glutaraldehyde-osmium tetroxide-tannic acid; TAMOI, tannic acid mediated osmium impregnation; ROUM, 
reduced osmium and en bloc uranyl acetate method; NCMIR, National Centre for Microscopy and Imaging 
Research.
www.nature.com/scientificreports/
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Figure 1. Comparative overview of the five experimental conditions assessed for their suitability for the 
application of SBF-SEM. Column 1 provides a global overview of rat liver tissue, revealing large polyhedral 
parenchymal cells (PC), separated by the hepatic sinusoids (S) that are lined by liver sinusoidal endothelial cells 
(LSEC). Kupffer cells (Kc) can also be visualised within the lumen of the sinusoids. Column 2 reveals notable 
variations in the presence, preservation quality and degree of contrasting of a range of subcellular structures, 
including mitochondria (m), rough endoplasmic reticulum (rER), lipid droplets (l), glycogen (g) and nucleoli 
(n). Column 3 corresponds to the 3-D reconstructed data of the five experimental conditions examined. 
Reconstructed 3-D volumes consist of 450 consecutive images (section thickness = 200 nm). Dimensions of 3-D 
volumes: XY = 122.61 μ m Z = 90 μ m. Total volume = 1,350,055.23 μ m3. Scale bar = 20 μ m.
www.nature.com/scientificreports/
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After the incubation with Alexa Fluor® 488 Phalloidin, Nile Blue and DAPI, CLSM revealed a filamentous 
actin network underlying the plasma membranes of both parenchymal cells and sinusoidal cells (green), the 
nuclei of mono- or binucleate parenchymal cells and mononucleate sinusoidal cells (blue) and intracellular lipid 
droplets (red) of varying size, most notably distributed throughout the parenchymal cell cytoplasm (Fig. 6F). The 
ROI – including a large central vein that was used as a morphological landmark for subsequent 3-D relocation 
– was noted due to its lighter-appearance upon prolonged exposure to the confocal and multiphoton lasers. In 
order to ensure the central vein of interest was not confounded with surrounding large-vessels, micro-CT was 
subsequently performed proceeding processing of the sample under the NCMIR protocol (Fig. 6C). Because of 
the non-destructive nature of micro-CT imaging, this allowed for the collection of 3-D data and subsequent vir-
tual manipulation of the sample in order to confirm the ROI, prior to fine trimming of the epon block (Fig. 6D) 
for subsequent mounting (Fig. 6E) and SBF-SEM imaging.
The superimposition of both CLSM and SBF-SEM datasets by means of registration using Avizo, facilitated 
the correlation of fluorescently labelled structures, with their ultrastructural appearance, and association with 
adjacent subcellular structures; thus providing an unprecedented view of such structures across vast length scales 
in 3-D.
Discussion
A fundamental distinction between SBF-SEM and conventional TEM is the necessity to utilise pre-embedding en bloc 
staining, in order to generate sufficient signal-to-noise and contrast for the visualisation of biological structures. 
Such a requirement is imposed by the limited penetrability of staining agents into the resin block, namely uranyl 
acetate and lead citrate. Moreover, due to the poor electrical conductivity of embedding media compatible with 
biological EM investigations, previous studies have emphasised the importance of utilising specimen prepara-
tion protocols that involve the successive application of heavy metal fixatives, stains and mordanting agents in 
order to prevent charging and mitigate beam damage{Deerinck et al.30 #5; Starborg et al.31 #4; Tapia et al.32 #41}. 
The issues of charging are particularly pronounced in cell nuclei, at high magnifications where the electron dose 
per unit area is increased, and when imaging “free resin spaces” such as extracellular spaces (e.g. blood vessels) 
due to the absence of conductive material. Recently, methods to improve sample conductivity have been reported 
Figure 2. Summary of morphometric and quantitative data for entire parenchymal cells and hepatic 
sinusoids encapsulated within the acquired 3-D volumes. SCF, n = 148; GOT, n = 184, TAMOI, n = 171; 
ROUM, n = 172; NCMIR, n = 149.
www.nature.com/scientificreports/
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Figure 3. Three-dimensional reconstruction and corresponding model views of the hepatic 
microarchitecture prepared under the NCMIR protocol and imaged utilising SBF-SEM. (A) Reconstructed 
3-D volume consisting of 500 consecutive images (section thickness = 200 nm). XY = 122.61 μ m Z = 100 μ m. 
Total volume = 1,503,394.77 μ m3. (B) 2-D serial-section showing parenchymal cells (multi-coloured) arranged 
in cords, which have been segmented by means of manual tracing using IMOD. Modelled parenchymal cells 
(C,D,F) are formed via the superimposition of numerous segmented lines. Hepatic sinusoids (white spaces 
surrounding parenchymal cells) were segmented by means of isosurface thresholding. (C) Model view of 
partial and entire parenchymal cells (multi-coloured) and the hepatic sinusoids (red). (D) Model view of 
whole parenchymal cells (multi-coloured) surrounded by the tortuous hepatic sinusoids (red). (E) Model 
view of the hepatic sinusoids (red) within the reconstructed 3-D volume, which were segmented by means of 
isosurface/thresholding segmentation. (F) Model view of whole parenchymal cells (multi-coloured) within the 
reconstructed 3-D volume. Magnification = 796x Scale bar = 50 μ m.
www.nature.com/scientificreports/
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Figure 4. Three-dimensional reconstruction and corresponding model views of key tissue features of the 
hepatic microarchitecture. (A) Reconstructed 3-D volume consisting of 610 consecutive images (section 
thickness = 78 nm). X = 62.24 μ m Y = 63.80 μ m Z = 47.58 μ m. Total volume = 188,935.99 μ m3. Binned voxel 
size = 78 nm3. (B) Two adjacent parenchymal cells (gold (mononucleate) and (blue (binucleate)) surrounded 
by the bile canaliculi (green), which are formed via the apposing plasma membranes of bordering parenchymal 
cells. (C) Model view of the bile canalicular network (green). (D) Model view of the hepatic sinusoids (red).  
(E) Merged model view of (B,C). (F) Merged model view of (B–D). Magnification = 986x Scale bar = 20 μ m.
www.nature.com/scientificreports/
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via the inclusion of Ketjen black into the embedding media{Nguyen et al.33 #63}, or embedding samples in 
epoxy glue with silver particles proceeding infiltration with epon resin{Wanner et al.34 #64}. Such methods were 
revealed to primarily reduce charging in areas of low heavy metal content, and resulted in significant improve-
ments in image quality. Further developments in commercially available electron-lucent conductive resins for 
biological samples, would assist in streamlining sample preparation for SBF-SEM; currently a rather laborious 
task, due to the need to employ protocols that involve multiple applications of heavy metal stains, in order to 
render samples conductive.
The relative infancy of SBF-SEM is illustrated by the limited literature currently available on a wide variety 
of different tissue types. From a range of sample preparation conditions, we selected and composed an appraisal 
of five experimental conditions for SBF-SEM. We demonstrated that the NCMIR protocol produced the most 
comprehensive results with regards to resistance to charging, stability under the electron beam, quality of pres-
ervation, degree of contrasting and visualisation of a range of subcellular structures, signal-to-noise ratio and 
global contrast (Table 1). Of note, was the appearance of lipid droplets, which revealed staining inhomogeneity 
(Figs 1M and 3B), opposing the typical appearance relative to conventional sample preparation methods (e.g. 
SCF){DiAugustine et al.35 #42; Angermuller and Fahimi36 #43}. Such an appearance is attributable to enhanc-
ing reactions such as ferrocyanide reduced osmium, combined with thiocarbohydrazide, which provides high 
contrast, however impedes secondary osmication{Hua et al.37 #65}. Such an effect ultimately results in a staining 
gradient or “coring effect”, whereby the periphery of lipid droplets stains more intensely, relative to the centre. The 
effect is particularly pronounced in large lipid droplets.
Samples prepared under the NCMIR protocol could also withstand higher accelerating voltages, facilitating an 
increased signal-to-noise ratio (Fig. 2E), greater distribution of grey values along the histogram (Fig. 2F) and an 
increased tolerance to charging and subsequently beam damage (Supplementary Figures S1 and S2). Ultimately, 
the combination of these factors permits imaging under higher magnifications, thereby improving lateral resolu-
tion via the generation of smaller pixel sizes.
In comparison, samples prepared under the SCF, GOT, TAMOI and ROUM protocols were far more sus-
ceptible to charging, as a consequence of poorer sample conductivity, thus requiring imaging under lower 
accelerating voltage and chamber pressure conditions (Table 2 and Supplementary Figures S1 and S2). Images 
of protocols containing low (SCF), intermediate (TAMOI) and high (NCMIR) amounts of contrasting agents 
acquired using fixed imaging conditions (accelerating voltage, 3.5 kV; chamber pressure, 28 Pa; objective aper-
ture size, 30 μ m; pixel dwell time, 12 μ s) revealed the effects of such protocols on charging, beam damage and 
image contrast. This is further supported by a quantitative measurement of specimen current within with SEM, 
under the same sample imaging conditions previously mentioned; a higher current suggesting improved elec-
trical grounding and thus reduced charging (Supplementary Figure S2). This data reveals a linear relationship 
(R2 value = 0.97455) between the amount of contrasting agents applied and their respective concentrations, of the 
various protocols examined, with respect to the aforementioned impact on sample charging and contrast genera-
tion; factors which are of critical importance for the acquisition of high-quality SBF-SEM data.
The suitability of the NCMIR method for the investigation of liver tissue is largely attributable to the vast array 
of staining, mordanting and contrasting agents employed, which facilitate the differential staining of various sub-
cellular structures based on their biochemical composition (i.e. lipid, protein, carbohydrate etc.). Not only is this 
important for the selected visualisation of such structures, but also essential for the automated segmentation of 
structures based on differential greyscale values (e.g. modelling of the hepatic sinusoids by means of “isosurface” 
modelling). Of particular note, automated segmentation attempts on samples prepared under the SCF, GOT, 
TAMOI and ROUM methods (see also, vide infra), resulted in the capturing of structures of disinterest, particu-
larly parenchymal cell nuclei, which displayed similar grey values to the hepatic sinusoids.
After having determined the superiority of the NCMIR method, we next performed segmentation and 3-D 
modelling of key tissue features of the hepatic microarchitecture. This allowed us to visualise the shape and 3-D 
arrangement of parenchymal cells, the hepatic sinusoids and the bile canalicular network both in isolation, and in 
combination with the various segmented structures at an unprecedented resolution (Figs 3 and 4). Segmented data 
facilitated the extrapolation of morphometric data regarding volumetric and surface area composition (Fig. 5). 
Figure 5. 3-D morphometric data of rat liver tissue prepared under the NCMIR protocol. 
PC = parenchymal cell.
www.nature.com/scientificreports/
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Figure 6. Three-dimensional CLEM: combining CLSM and SBF-SEM datasets. (A) Vibratome section 
of rat liver tissue proceeding CLSM imaging. The blue colour of the tissue is attributable to the histological 
staining properties of Nile Blue. Of particular note, Nile Blue produces red emission (see images F and H-L) 
when excited with 790 nm multiphoton excitation. The ROI (large vein) is indicated by a black bounding box. 
Conveniently, the scanned ROI appeared lighter in colour after CLSM imaging, relative to the surrounding 
tissue, assisting with relocation for subsequent correlation. (B) Epon-embedded sample prepared under the 
NCMIR protocol. The ROI corresponding to (A) is indicated by a white bounding box. (C) 3-D reconstructed 
www.nature.com/scientificreports/
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The validity of the 3-D morphometric measurements extrapolated from samples prepared under the NCMIR 
method, were firstly verified via a comparison of common morphometric parameters performed on all five sam-
ple preparation conditions examined (Fig. 2) and weighing our data against existing literature{Weibel et al.38 #56; 
Minnich et al.39 #55; Giuli et al.40 #54; Monteiro et al.41 #53; #5242}. Importantly, a significant advantage in acquir-
ing morphometric SBF-SEM datasets, was the ability to fully encapsulate structures of interest, and thus obtain 
holistic morphometric data. Whilst such 3-D data has been previously achieved by means of confocal scanning 
laser microscopy{Hammad et al.43 #340}, the detail achieved by electron microscopy is far superior{Knott and 
Genoud44 #20}.
Despite the plethora of advantages offered by SBF-SEM with regards to the generation of large volumetric 
information in a relatively timely and automated manner, a major limitation of the experimental workflow was 
the segmentation of objects of interest. In our hands several segmentation approaches were evaluated, however 
it proved necessary to utilise a combination of automated and manual segmentation approaches in order to gen-
erate 3-D modelled and morphometric data of the parenchymal cells, hepatic sinusoids and bile canaliculi net-
work. Segmentation of the hepatic sinusoids was performed by means of isosurface or thresholding segmentation, 
which classifies objects based upon a specific or a range (i.e. threshold) of pixel intensities. Given the relative 
homogenous pixel intensities of the sinusoids, in addition to the significant differential in grey values relative 
to the surrounding parenchyma, it was relatively easy and swift to delineate these structures (Figs 3E and 4D). 
Unfortunately, this approach was not suitable for the segmentation of parenchymal cells and the bile canaliculi 
(Fig. 3B,E,F). Accordingly, manual segmentation of these structures was performed, which involved computer 
assisted tracing of high contrast lines within 3dmod. The software then additively superimposes the numerous 
lines comprising an individual object, which are subsequently rendered for 3-D visualisation. When considering 
the significant size and number of image slices composing a single dataset, it becomes readily apparent that this is 
a labour intensive task, often spanning many weeks or months depending on the nature and aims of the investiga-
tion, and the level of detail required. Recently, increasingly automated interactive segmentation approaches such 
as “Microscopy Image Browser” (MIB){Belevich et al.45 #70} and “Ilastik”{Sommer et al.46 #71} have been devel-
oped, alleviating the need to perform manual segmentation in many investigations, and increasing the practical 
volume from which 3-D modelled and morphometric data can be generated.
Given that no single microscopy modality is capable of depicting biological organisms and their comprising 
structural constituents amongst the vast length scales throughout which they exist, it is becoming increasingly 
popular to utilise combined or correlative microscopy approaches in order to exploit the respective advantages of 
specific imaging modalities (e.g. light, electron, x-ray, scanning probe). By employing a correlative light an elec-
tron microscopy approach, we were able to harness the respective advantages of both light and electron micros-
copy modalities in order to generate complementary data not conferred by either technique if used in isolation.
CLSM offers the ability to selectively (e.g. fluorescent histological dyes) or specifically (e.g. molecular probes 
and immunofluorescence) stain structures of interest, non-destructively generate 3-D datasets of thick biological 
tissues, and do so in a relatively swift manner. Conversely, electron microscopy techniques, such as SBF-SEM, 
provide a much more detailed and complex depiction of cellular ultrastructure due to the broad staining prop-
erties of contrasting agents used in the specimen preparation of samples for EM, and the superior resolution 
achieved due to the significantly shorter wavelength of electrons relative to photons{#4447; #4548}. The strength 
of such an approach primarily lies in the generation of complementary and holistic 3-D structural information, 
which ultimately transcends conventional 2-D light or EM imaging approaches, in that it alleviates the potential for 
the misinterpretation of 3-D structures that may not be entirely encapsulated within a thin paraffin or resin section.
The ultimate significance of the CLEM approach presented herein, is its universal applicability to any targeted 
structure of interest – assuming the existence of an appropriate fluorescent probe. Consecutive processing of the 
sample under the proven NCMIR method would then allow for the generation of high-resolution 3-D EM data 
for subsequent correlation. The numerous heavy metal stains and mordanting agents inherent to the NCMIR 
method further makes this protocol an exceptional candidate for the preparation of samples for micro-CT, 
which generates contrast based on the differential X-ray density and scatting of biological structures. The use of 
micro-CT microscopy proved a powerful tool for the accurate relocation of the ROI – a central vein that acted as 
a morphological landmark – as a consequence of the sample being rendered opaque to light, proceeding sample 
preparation for EM. This practice further ensured that a greater volume of the sample could be collected in the 
SBF-SEM, due to difficulty in deciding where to capture data from the sample block face{Karreman et al.49 #69; 
Handschuh et al.50 #67; Bushong et al.51 #66}. Whilst micro-CT was simply used as a relocation tool, future studies 
could plausibly exploit the technique to further extract relevant structural information.
x-ray micro-CT data, aiding in the confirmation of the ROI (black bounding box). (D) Precision trimmed epon 
block that has been centred, relative to the ROI (white arrowhead). (E) Gold coated sample, adhered to the 
specimen pin in preparation for SBF-SEM imaging. (F) XY confocal image showing a large central vein (CV) 
surrounded by plates of parenchymal cells (PC). The filamentous actin network predominantly underlying the 
plasma membrane is visible in green, nuclei appear blue and lipid droplets appear as red punctate or spherical 
structures distributed throughout the cell cytoplasm. (G) 2-D SBF-SEM image corresponding to the same area 
as shown in (F). A far more extensive array of structures are visible relative to (F), such as the hepatic sinusoids 
branching toward the central vein. (G-inset) Higher-magnification SBF-SEM image illustrating the high 
resolution capabilities of the SBF-SEM system. (H) Overlay of (F,G). (I) Overlayed 3-D representation of both 
CLSM and SBF-SEM volumes. (J) XY high-magnification overlay of CLSM and SBF-SEM datasets. (K,L) XY and 
YZ CLSM and SBF-SEM overlays. Scale bars: (A–C) = 3 mm; (D,E) = 700 μ m; (F–L) = 100 μ m.
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Alternative approaches to retain fluorescence within the block were attempted, however remain a topic of 
further investigation. Such attempts proved unsuccessful due to the requirement to omit high concentrations 
of osmium tetroxide which is known to quench fluorescence{Lucas et al.52 #57}, resulting in poor contrasting of 
subcellular structures and charging within the SEM. Additionally, the requirement to utilise acrylic resins such 
as LR White or HM20 are unideal for SBF-SEM, due to their tendency to crumble from the knife edge and fall 
back on to the block face, thus impeding imaging. Ultimately, we propose that the CLEM approach presented 
herein harnesses the advantages of generating high-yield fluorescence information from biological samples in 
an aqueous state, followed by the successive preparation for cross-correlative high-resolution SBF-SEM investi-
gations (Fig. 6). Ultimately, such an approach could be applied in various healthy or diseased tissues in order to 
selectively localise specific events of interest (e.g. the detection of low-expressing markers at the onset of disease). 
Correlating such ROIs with SBF-SEM would subsequently provide an unprecedented view of such events at the 
highest resolution presently available, across vast length scales in multiple dimensions.
Herein, we provide a comprehensive appraisal of five different experimental conditions for the large-volume 
reconstruction of the murine hepatic microarchitecture by means of SBF-SEM (Fig. 1). Having deduced the most 
superior SBF-SEM sample preparation method (NCMIR) with regards to preservation quality, signal generation 
(Fig. 2) and contrasting of a range of subcellular structures (Table 1), we were able to characterise and quantify key 
features of the hepatic microarchitecture in 3-D including parenchymal cells, the hepatic sinusoids and bile can-
aliculi (Figs 3,4 and 5). Next, by integrating the validated NCMIR method for SBF-SEM with a CLEM approach 
(Fig. 6), we were able to selectively visualise subcellular structures including filamentous actin, cell nuclei and 
intracellular lipid droplets at an unprecedented resolution, length and volume scale in a novel manner. We pro-
pose the multidimensional CLEM approach presented herein can be universally applied to any relevant healthy 
or disease experimental model, in order to selectively elucidate specific structure-function relationships in 3-D.
Materials and Methods
Animals and primary fixation. For all protocols proceedingly listed, primary fixation of rat liver tissue 
was conducted in the following manner. All procedures were conducted in accordance with the guidelines and 
approval of the Animal Care and Ethics Committee of the University of Sydney.
Female Wistar rats (10–12 weeks of age) were housed in plastic cages at 21 °C with a 12-h light–dark cycle 
and were fed and watered ad libitum. Samples were fixed using a modified set-up of the “jet-fixation” method 
described by {Vreuls et al.53 #2@@author-year}. Liver biopsy samples were acquired using a Miltex® biopsy punch 
equipped with a plunger (cat. no. T984-10, ProSciTech Pty. Ltd., QLD, Australia), providing tissue specimens of 
~5 mm in length with a diameter of 1 mm. Biopsy samples were immediately transferred to physiological saline 
at 37 °C in a petri dish, wrapped in gauze and closed at one end with an artery clamp to facilitate handling of the 
sample. A primary fixative solution containing 1.5% glutaraldehyde (cat. no. C001, ProSciTech Pty. Ltd., QLD, 
Australia) in 0.067 M sodium cacodylate buffer (cat. no. 30118, BDH Chemicals Ltd., Poole, England), 1% sucrose 
(cat. no. 179949, Sigma-Aldrich, NSW, Australia) and 2 mM calcium chloride pH 7.4 at 37 °C was sprayed along 
the entire surface of the sample at a flow rate of 100 mL/min (total spraying time = 2 min) using a perfusion pump 
ending with an 18 G needle. The sample was rotated halfway during the procedure to ensure complete penetration 
of the fixative into the tissue. Following jet-fixation, the tissue was cut into 1 mm3 blocks, immersed in the pri-
mary glutaraldehyde fixative and allowed to react for a total of 1 h. Samples were subsequently rinsed with 0.1 M 
sodium cacodylate buffer containing 1% sucrose pH 7.4 (washing buffer) at room temperature (RT) (3 × 5 min) 
in preparation for subsequent processing.
Fixation protocols. Proceedingly, the experimental details of the different tissue post-fixation and contrast-
ing methods assessed in this study are described in-depth. Including the standard sample preparation for TEM/
SEM/EM (i.e. control), tissue samples were prepared for SBF-SEM studies using five different sample preparation 
approaches:
Standard chemical fixation (SCF). Samples were post-fixed with 1% aqueous osmium tetroxide (cat. no. C010, 
ProSciTech Pty. Ltd., QLD, Australia) in 0.1 M sodium cacodylate buffer containing 1% sucrose for 1 h at RT in 
darkness. Post-osmication, samples were rinsed with washing buffer (3 × 5 min) at RT, dehydrated, embedded 
and mounted as proceedingly outlined.
Glutaraldehyde–osmium tetroxide–tannic acid (GOT). Samples were prepared as described under the “stand-
ard chemical fixation protocol”, however proceeding the osmication and rinsing steps, tissues were incubated 
in freshly made, filtered 1% tannic acid (cat. no. 2513/3, Polaron Equipment Ltd, Hertfordshire, England) in 
0.1 M sodium cacodylate buffer containing 1% sucrose at RT for 1 h. Samples were rinsed with washing buffer 
(3 × 5 min) at RT, dehydrated, embedded and mounted as proceedingly outlined.
SCF GOT TAMOI ROUM NCMIR
Accelerating voltage (kV) 1.4 1.5 1.5 1.4 3.5
Chamber pressure (Pa) 5 10 9 7 28
Objective aperture size (μ m) 60 60 60 30 30
Table 2.  Summary of optimised imaging conditions to minimise charging and maximise brightness and 
contrast for each respective specimen preparation protocol.
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Tannic acid mediated osmium impregnation (TAMOI). Samples were prepared using a modification of the 
TAMOI protocol outlined by {Jiménez et al.54 #3@@author-year} for the specific visualisation of plasma mem-
brane associated specialisations. Tissues were post-fixed in 1% aqueous osmium tetroxide and 1.5% potassium 
ferrocyanide (cat.no. 74037, Univar, Australia) in 0.1 sodium cacodylate buffer containing 1% sucrose on ice in 
darkness for 1 h. Post-osmication, samples were rinsed with washing buffer (3 × 5 min) and incubated in freshly 
made filtered 1% tannic acid in 0.1 M sodium cacodylate buffer containing 1% sucrose at RT for 1 h. Samples 
were rinsed with ultrapure water (3 × 5 min) and post-fixed for a second time with 1% aqueous osmium tetroxide 
in ultrapure water on ice in darkness for 30 min. Proceeding secondary osmication, samples were rinsed with 
ultrapure water (3 × 5 min) at RT, dehydrated, embedded and mounted as proceedingly outlined.
Reduced osmium and en bloc uranyl acetate method (ROUM). Samples were prepared using a modification of a 
protocol by {Starborg et al.31 #4@@author-year} to “determine collagen fibril size and 3-D organisation”. Tissues 
were post-fixed in 2% aqueous osmium tetroxide and 1.5% potassium ferrocyanide in 0.1 M sodium cacodylate 
buffer containing 1% sucrose for 1 h at RT. Samples were thoroughly rinsed in ultrapure water (3 × 5 min) and 
incubated in two changes of freshly made filtered 1% tannic acid in 0.1 M sodium cacodylate buffer containing 1% 
sucrose for a total of 4 h at 4 °C. Tissues were rinsed with ultrapure water (3 × 5 min) and secondarily post-fixed in 
2% aqueous osmium tetroxide at RT for 40 min. Tissues were successively rinsed with ultrapure water (3 × 5 min) 
and incubated in 1% aqueous uranyl acetate (cat. no. C079, ProSciTech Pty. Ltd., QLD, Australia), at 4 °C in dark-
ness overnight. Samples were rinsed with ultrapure water (3 × 5 min) at RT, dehydrated, embedded and mounted 
as proceedingly outlined.
National Centre for Microscopy and Imaging Research (NCMIR) protocol. Samples were prepared using a 
modification of the NCMIR method for “3-D EM for the preparation of biological specimens for serial-block 
face scanning electron microscopy (SBF-SEM)” {Deerinck et al.30 #5}. Samples were post-fixed in 2% aqueous 
osmium tetroxide and 1.5% potassium ferrocyanide in 0.1 M sodium cacodylate buffer containing 1% sucrose 
and 2 mM calcium chloride on ice in darkness for 1 h. Samples were subsequently washed with ultrapure water 
(3 × 5 min) and incubated in freshly prepared 1% aqueous thiocarbohydrazide (cat. no. C076, ProSciTech Pty. 
Ltd., QLD, Australia) for 20 min at RT. Samples were rinsed in ultrapure water (3 × 5 min) at RT and incubated in 
2% aqueous osmium tetroxide in darkness for 30 min at RT. Tissues were successively rinsed with ultrapure water 
(3 × 5 min) and incubated in 1% aqueous uranyl acetate at 4 °C in darkness overnight. Samples were rinsed with 
ultrapure water (3 × 5 min) at RT and incubated in a freshly prepared solution of Walton’s lead aspartate contain-
ing 0.66% lead nitrate (cat. no. 280, Univar, Ajax Chemicals, NSW, Australia) in 0.40% aqueous L-aspartic acid 
(cat. no. A9256, Sigma-Aldrich, NSW, Australia) at 60 °C for 30 min. Samples were rinsed with ultrapure water 
(3 × 5 min) at RT, dehydrated, embedded and mounted as proceedingly outlined.
Tissue dehydration, embedding and specimen mounting. Tissues were dehydrated in a graded series 
of ethanol concentrations including: 30% and 50% for 5 min and 70%, 90%, 100% in two changes for 10 min each 
at RT. Following dehydration, liver tissue was progressively infiltrated with one change of hard-grade epon:etha-
nol (25%, 50%, 75%) for 3 h. Tissues were placed in 100% epon overnight and then into fresh 100% epon for 3 h. 
Tissues were transferred to BEEM® capsules in pure epon and polymerised at 60 °C for 48 h.
Tissue blocks were sectioned with a Leica EM UC7 ultramicrotome (Leica, Heerbrugg, Switzerland) equipped 
with a glass knife to reveal the underlying tissue and trimmed with an injector blade to remove excess resin 
(Fig. 7A). Semithin survey sections (~0.5 μ m thickness) were generated, stained with filtered 0.5% toluidine blue 
(cat no. C078, ProSciTech Pty. Ltd., QLD, Australia) in 1% aqueous sodium tetraborate (cat. no. 20716, Univar, 
Australia) and observed with a bright-field light microscope (40x, NA 0.65, Olympus BH-2) in order to verify 
complete exposure of the tissue along the block face and to determine adequate fixation quality.
Epon-embedded tissue blocks measuring approximately 1 mm3 were mounted onto aluminium specimen pins 
(Gatan, Pleasanton, CA) using cyanoacrylate glue (Turbobond Powerglue, Tewantin, QLD, Australia) and blocks 
were precision trimmed using an injector blade under a dissecting microscope, to ensure that tissue was exposed 
on all four lateral sides. In order to improve conductivity, the exposed edges of tissue blocks were painted with 
silver paint (cat. no. 16062, Ted Pella, Redding, CA, USA) and once dried, the entire specimen (block face and lat-
eral sides) was sputter coated with a 30 nm thick layer of gold to assist with alignment and initial focusing within 
the SBF-SEM (Fig. 7C–D).
Serial-block face scanning electron microscopy (SBF-SEM). Backscattered electron images 
(8192 × 8192 pixels; XY pixel size 15 nm, Z pixel size (slice thickness) 200 nm, pixel dwell time 12 μ s (i.e. the 
exposure time of an individual pixel to the electron beam)) were acquired using a variable pressure, field emission 
scanning electron microscope (Sigma VP, Carl Zeiss, Australia) at a fixed working distance of 4.3 mm. Imaging 
conditions were optimised in order to minimise charging and maximise brightness and contrast for each respec-
tive protocol (Table 2).
Once an ideal specimen preparation protocol had been determined, an additional SBF-SEM acquisition was 
performed using a thinner slice thickness (78 nm) for the purpose of high-resolution 3-D visualisation and mor-
phometric analysis (Fig. 4).
Correlative light and electron microscopy (CLEM). For fluorescence microscopy, a strip of liver tis-
sue measuring ~3 mm × 3 mm × 15 mm was fixed by means of jet-fixation at 37 °C, in a solution containing 4% 
formaldehyde (cat. no. C007, ProSciTech Pty. Ltd., QLD, Australia) and 0.4% glutaraldehyde in 0.067 M sodium 
cacodylate, 1% sucrose and 2 mM calcium chloride. Proceeding jet-fixation, liver tissue was cut into blocks meas-
uring ~3 mm3 and allowed to react in the primary fixative for 3 h at RT. Tissue blocks were washed (3 × 5 min) 
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with 0.1 M phosphate buffer solution (PBS) pH 7.4, mounted to the Vibratome® specimen holder using cyanoacr-
ylate glue, and subsequently immersed in a bath containing 0.1 M PBS at RT. Samples were sectioned by means 
of automated vibrating blade microtomy (Leica VT1200 S, Heerbrugg, Switzerland) using the following specifi-
cations: knife amplitude 2 mm/second, knife travel speed 1 mm/second, knife angle 9°, section thickness 70 μ m. 
Sections were subsequently placed in a 96-well plate (cat. no. CLS3599, Corning Costar, Sigma-Aldrich, 
NSW, Australia) and stained with 5 units/mL Alexa Fluor® 488 Phalloidin (cat. no. A12379, Invitrogen Life 
Technologies, NSW, Australia) for 1 h at RT in darkness. Tissues were rinsed with 0.1 M PBS (3 × 5 min) and incu-
bated in a filtered saturated solution of Nile Blue A, sulphate (cat. no. C1291, ProSciTech Pty. Ltd., QLD, Australia) 
for 1 h at RT in darkness. Tissues were thoroughly rinsed in 0.1 M PBS and stained with 1 μ g/mL DAPI (cat. no. 
D1306, Invitrogen Life Technologies, NSW, Australia) for 20 min at RT in darkness. Proceeding fluorescence 
staining, samples were rinsed with 0.1 M PBS (3 × 5 min), placed in an 8 well 1 μ m-thick cover glass bottom slide 
(cat. no. 80827, Ibidi® , Martinsried, Germany) and filled with 0.1 M PBS in preparation for fluorescence imaging.
Confocal and multiphoton laser scanning microscopy. Fluorescence data stacks of sections measuring 
3 mm × 3 mm × 70 μ m were recorded (1024 × 1024 pixels; XY pixel size 223.7 nm; Z pixel size (step size/optical 
section thickness) 461.6 nm) using a Leica TCS SP2 spectral confocal and multiphoton system (Leica, Heerbrugg, 
Switzerland) equipped with a Plan 25 × 0.95 NA water immersion objective. Proceeding fluorescence imaging, 
Figure 7. Stages of specimen mounting for SBF-SEM. (A) Exposed surface of resin-embedded rat liver 
tissue visible along the sectioned block face (white trapezoid). (B) Corresponding semithin section (0.5 µm-
thick) showing a large vein (black arrowhead) surrounded by anastomosing sinusoids (white spaces). (C). The 
precision trimmed block has been centred and adhered to the specimen pin (top view) using cyanoacrylate 
glue. The exposed edges of the tissue were pained with silver paint, after which the entire block was gold coated 
in order to assist with alignment of the specimen within the SBF-SEM. (D) Longitudinal view of the specimen 
pin with gold-coated sample mounted atop (black arrowhead) in preparation for SBF-SEM imaging. Scale bar 
(A–C) = 500 μ m, (D) = 5 mm.
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samples were transferred to a 24-well plate (cat. no. CLS3526, Corning Costar, Sigma-Aldrich, NSW, Australia) 
and processed as previously detailed under the NCMIR protocol. Tissue sections were embedded in the lid of a 
size 00 BEEM® capsule (cat. no. 130, Ted Pella, Redding, CA, USA) to ensure the flatness of the section was main-
tained during polymerisation. Particular care was taken to ensure the sample did not flip during processing, so as 
to maintain the correct orientation of the sample for subsequent EM imaging.
X-ray micro-Computed Tomography (micro-CT). Micro-CT was performed in order to aid in the relocation of 
the ROI between light and electron microscopy imaging modalities, and to determine the depth of sectioning 
required to remove excess resin overlying the sample prior to automated sectioning in the SEM. Micro-CT data-
sets were acquired using a MicroXCT-400 (Carl Zeiss, Australia) equipped with a 4x objective operating at 150 kV 
source power, 10 W source current, over a 180° rotation angle. A total of 1201 images were acquired with an 
exposure time of 5 s. Images (972 × 995 × 974 pixels (752 × 826 × 207 cropped pixel dimensions); isotropic pixel 
size 46.4 μ m3) were reconstructed using XMReconstructor (version 7.0.2817, Xradia Inc., Pleasanton, CA, USA).
SBF-SEM: Backscattered electron images (6144 × 6144 pixels; XY pixel size 30 nm, Z pixel size (slice thickness) 
200 nm, pixel dwell time 12 μ s) were acquired as previously outlined.
Image processing, morphometric analysis and correlative data processing. SBF-SEM data was 
reconstructed using ImageJ (version 2.0.0-rc-39/1.50b), an open source image processing software package{Schin-
delin et al.55 #40}. Datasets were resampled to a final voxel size of 90 nm × 90 nm × 200 nm (Figs 1 and 3), 
78 nm × 78 nm × 78 nm (Fig. 4) and 60 × 60 × 200 nm (Fig. 6). Contrast enhancement was performed by means 
of histogram normalisation and images were denoised using the “non-local means filter”. Signal-to-noise ratio 
measurements were calculated using a plugin for ImageJ{#7256} in order to objectively compare image quality 
(Fig. 2E).
For 3-D modelling, visualisation and morphometric analysis, datasets prepared under the NCMIR protocol 
were processed using IMOD (version 4.5.8), a suite of image processing, modelling and display programs used for 
3-D reconstruction and segmentation of tomographic data and EM serial sections{Kremer et al.57 #22}. Cellular 
structures including parenchymal cells, the hepatic sinusoids and bile canaliculi were segmented by manual trac-
ing of high-contrast lines or “isosurface” modelling within 3dmod, a graphical user interface application that is 
bundled with the IMOD software package.
Quantitative measurements of segmented structures were analysed in Microsoft excel, and statistical analysis 
was performed with the FT-test, and considered biologically significant at the 0.05 confidence level (two-tailed).
Registration of correlative light and electron microscopy datasets (Fig. 6) was performed using Avizo (version 
9.0.1, FEI, Australia). Both datasets were visualised using the “Orthoslice” view, which produced three 2-D slices 
along the XY, XZ and YZ planes. The SBF-SEM dataset was then manually shifted so that it closely matched the 
CLSM dataset. In order to refine the correlation, automated registration was performed using the “aniso-scale” 
transformation, which allows for three translations, rotation and scaling of the SBF-SEM dataset, in order to cor-
rect for specimen preparation-induced morphological variations between the two datasets. Sample transparency 
was adjusted in order to visualise the correlating ROIs, which was confirmed using gross tissue features such as a 
large central vein, sinusoids and parenchymal cells, as well as nuclei and lipid droplets (Fig. 6J).
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Herein, we present a highly versatile bioimaging workﬂow for the multidimensional imaging of biological structures across vastly different
length scales. Such an approach allows for the optimised preparation of samples in one go for consecutive X-ray micro-computed
tomography, bright-ﬁeld light microscopy and backscattered scanning electron microscopy, thus, facilitating the disclosure of combined
structural information ranging from the gross tissue or cellular level, down to the nanometre scale. In this current study, we characterize
various aspects of the hepatic vasculature, ranging from such large vessels as branches of the hepatic portal vein and hepatic artery, down to
the smallest sinusoidal capillaries. By employing high-resolution backscattered scanning electron microscopy, we were able to further
characterize the subcellular features of a range of hepatic sinusoidal cells including, liver sinusoidal endothelial cells, pit cells and Kupffer
cells. Above all, we demonstrate the capabilities of a specimen manipulation workﬂow that can be applied and adapted to a plethora of
functional and structural investigations and experimental models. Such an approach harnesses the fundamental advantages inherent to the
various imaging modalities presented herein, and when combined, offers information not currently available by any single imaging platform.
J. Cell. Physiol. 232: 249–256, 2017.  2016 Wiley Periodicals, Inc.
Biological organisms and their comprising subcellular
constituents exist amongst immensely diverse length scales.
Concordantly, the visualisation of such structures demands the
utilisation of an extensive array of microscopy techniques,
which utilise unique imaging particles and detection systems
(e.g. light, electrons, x-rays, deﬂected cantilever), in order to
attain structural information that is not conferred by a single
imaging modality. Throughout the literature, it is abundantly
evident than no single imaging technique is capable of
holistically depicting biological organisms along the various
length scales amongst which they exist. In order to overcome
such limitations, it is becoming common practice to combine
multiple cellular imaging modalities in order to attain
complementary structural information that is not conferred by
one single microscopy technique (Muller-Reichert et al., 2007;
Handschuh et al., 2013; Shami et al., 2014). Herein, we present
a sample preparation workﬂow utilising liver tissue as a sample
model, that can be easily applied to any experimental tissue
material, which combines X-ray micro-computed tomography
(Micro-CT), bright-ﬁeld light microscopy (BFLM) and
backscattered scanning electron microscopy (BSEM) in order
to characterise various tissue, cellular and ultrastructural
features of the hepatic microarchitecture, ranging from the
micron to nanometre scale in three-dimensions (3-D). Our
approach aims to highlight the respective advantages conferred
by utilising a correlated multimodality imaging approach, in
order to generate holistic structural information from a single
sample.
Traditionally, BFLM has dominated as the premier technique
for histological investigation at the tissue and cellular level. The
technique offers a number of advantages in that it allows for
the visualisation of live or ﬁxed cells, is compatible with an
extensive range of histochemical techniques for the differential
staining of biological material, and involves relatively simple
sample preparation and microscope setup. Moreover, the
development of automated tissue processing, staining and
embedding devices has facilitated high sample throughput,
which has been particularly expedient in clinical settings, where
rapid diagnosis is of critical importance. Such aspects of light
microscopy are are elegantly outlined by Wilson and Bacic
(2012).
With regards to the microanatomical structure of the liver,
much of the knowledge that we currently possess was revealed
by BFLM, dating as far back as the 19th Century. Such notable
ﬁndings include the parenchymal cell and its core (Dutrochet,
1824), the liver lobule (Kiernan, 1833), thebile canaliculi, Kupffer
cells, conﬁrmation of the perisinusoidal space (space of Disse)
and demonstration of the dual blood supply of the liver (Kuntz,
2008). With regards to the pathobiology of the liver, BFLM has
been an instrumental technique in the investigation of such
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package (version 4.5.8, Boulder, CO) allowing the operator to
contour, and hence, render 3-D models of structural features of
interest (Kremer et al., 1996).
Serial sectioning and bright-ﬁeld lightmicroscopy (BFLM)
Proceeding Micro-CT imaging, excess resin surrounding the
embedded tissue was trimmed using an injector blade, forming a
trapezoid and the block was carefully faced up to expose the
underlying tissue. A sparring mixture of Welwood
1
glue and
xylene (1:2) was applied to the long edge of the trapezoid
following the methods developed by Blumer et al. (2002) and
Micheva and Smith (2007). A series of 250 consecutive sections
(300 nm thick) were generated with a Leica EM UC7
ultramicrotome (Leica, Heerbrugg, Switzerland) equipped with a
histo-jumbo knife (Diatome, Hatﬁeld, PA) and collected on a
glass slide. The slide was dried on a heating block and stained
with ﬁltered 0.5% toluidine blue in 1% aqueous sodium
tetraborate for 30 sec. Furthermore, in order to demonstrate
the versatility of the histopathology imaging approach, a number
of alternative and commonly used histological dyes compatible
with resin-embedded tissues are proceedingly outlined. These
include methylene blue-azure II-basic fuchsin, paragon stain,
malachite green and Richardson’s stain.
BFLM images were generated of each serial section using a Leica
DM600 light microscope (Leica, Wetzlar, Germany), with 10 and
40 objectives. Images were automatically aligned using the
StackReg plugin for ImageJ (Thevenaz et al., 1998). The hepatic
structures of interest were segmented as described under X-ray
micro-computed tomography (Micro-CT) section.
Fig. 1. Sequential workflow for combining Micro-CT, BFLM and BSEM on the same sample. (1) Excised rat liver. (2) Jet-fixed rat liver sample in
primary fixative. (3) Resin-embedded sample, impregnated withmultiple heavy metal stains andmordanting agents. (4) Skyscan 1172 Micro-CT.
(4.1)Micro-CT image showing a vein (white arrowhead). (5) Leica EMUC7ultramicrotome. (5.1) Generation of serial sectionswith a histo-jumbo
knife. (5.2) Toluidine blue stained serial section ribbons on a glass slide. (6) Leica DM600 lightmicroscope. (6.1 and 6.2) 10 and 40 BFLM images.
(7) Variable pressure, field emission scanning electronmicroscope (Carl Zeiss). (7.1 and 7.2) Low and highmagnification BSEM images. (8) Image
processing in ImageJ. (9) 3-D reconstruction of the three different datasets in IMOD. (10) 3-D modelled Micro-CT data. (11) 3-D modelled 10
BFLM data. (12) 3-Dmodelled BSEM data. Note. Step 1 and 2 can bemodified to include various experimental tissues (e.g. lung, brain, kidney, to
name a few).
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Backscattered scanning electron microscopy (BSEM)
Following BFLM imaging, the glass slide was next carbon coated in
order to render the glass slide conductive, and mounted on a stub
in preparation for backscattered electron microscopy (BSEM).
Two thick lines of silver paint were applied from the top surface of
the slide, to the underlying stub to further improve conductivity of
the sample. Backscattered electron images were acquired using a
variable pressure, ﬁeld emission scanning electron microscope
(Sigma VP, Carl Zeiss, Jena, Germany) operating at 4 kV with a
Fig. 2. Combined Micro-CT, BFLM and BSEM of the hepaticmicrovasculature. (A) 2-D back projectedMicro-CT image showing a vessel (white
arrowhead) which is surrounded by radially arranged cords of parenchymal cells (PAc), which are separated by the hepatic sinusoids (S). (B) 3-D
rendering of the hepatic microvascular network corresponding to image (A), overlayed with a 2-D back projected image. The large, centrally
located vessel visible in (A) is indicated by a white arrowhead. (C) Low power (10 objective) BFLM micrograph revealing the histological
arrangement of toluidine blue stained liver. The superior resolution relative to (A) and (B), has confirmed the large vessel (black arrow) as being a
branch of the portal vein, which is accompanied by branches of the hepatic artery and bile ducts. These three structures collectively constitute the
portal tract, which is interspersed with supportive portal connective tissue. The inset indicates an area of interest that was investigated bymeans
of BSEM (E–J), revealing two leukocytes residing within the lumen of a sinusoidal capillary (black arrowhead). (D) 3-D model of the hepatic
microvascular network generated from the 10 BLFM image stack corresponding to (C). (E) Low power BSEM image captured from the same
serial section revealed in (C). The various components of the portal tract-portal vein (PVb), hepatic artery (HAb) and bile bile duct (BDb)— are
clearly visible, and the region of interest indicated in (C) (inset) is defined by a black bounding box. (F) Intermediate magnification BSEM image
corresponding to the region of interest (black bounding box) indicated in (E). The two leukocytes residing within the sinusoidal lumen (S) can now
be clearly identified as a Kupffer cell (Kc) and a pit cell (Pc), which are adhered to liver sinusoidal endothelial cells (LSECs) and each other, by
means of welldeveloped pseudopodia. The pit cell is displaying a characteristic polarisation of organelles at one side of the nucleus. The
perisinusoidal space (space of Disse (black arrowheads) is visible forming the interface for exchange between the contents of the hepatic sinusoids
(S) and the parenchymal cells (white asterisks). (G–J). 3-D models of various cells located within the acquired BSEM 3-D volume. (G) Top stack
view overlayed with 2-D BSEM image. (H) Bottom stack view overlayed with 2-D BSEM image. (I) Frontmodel view. (J) Backmodel view. Colour
legend: Blue; Kupffer cell, green and purple pit cells; red; red blood cell; white, nuclei. Scale bars: (A and B)¼ 400mm; (C–E) 100mm; (F–J) 10mm.
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working distance of 7.6mm. Consecutive sections were aligned as
described under Serial sectioning and bright-ﬁeld light microscopy
(BFLM) section, and 3-D modelling of cells of interest was
performed by means of computer-assisted tracing of high contrast
lines within IMOD (Kremer et al., 1996).
Results and Discussion
In this communication, we present a practicable workﬂow
facilitating the large volume, 3-D reconstruction of the
microanatomy of biological samples, ranging from the gross
tissue level down to the subcellular scale (Fig. 1). Such an
approach facilitated the collection of holistic morphological
information of the murine hepatic microvascular network
utilising an array of different microscopy techniques including,
Micro-CT, BFLM and BSEM (Fig. 2), which respectively confer
speciﬁc advantages for the collection of combined structural
information. Furthermore, the approach can be combined with
resin-compatible histological dyes, allowing the swift
histochemical characterisation of supramolecular structures of
interest, thereby, providing the researcher with an arsenal of
light microscopy staining tools to aid rapid bench identiﬁcation
(Fig. 3).
Micro-CT imaging facilitated the large volume, non-
destructive collection of 3-D data of the murine vascular
network, based on the differential X-ray density, and scattering
of biological structures. The primary jet-ﬁxation method used
in this investigation rendered the hepatic vascular network
patent and clear of blood—due to the forcible spraying of
ﬁxative throughout the thin piece of liver tissue. The
subsequent concomitant application of heavy metal stains and
mordanting agents rendered the various cellular components
of the liver highly X-ray dense (e.g. parenchyma, endothelium
and blood components), whilst the lumen of the vascular
network remained radiolucent. As such, it was possible to
easily segment and model the 3-D arrangement of the hepatic
vasculature, which appeared as a labyrinthine network of
channels interspersed between the anastomosing liver plates
Fig. 3. Overview of simple and rapid histological stains compatible with resin-embedded tissue. (A) Negative control (omission of histological
staining). Due to the numerous application of heavy metal stains and mordanting agents applied en bloc, good overall contrast is generated,
revealing tissue arrangement and cellular morphology. Such subcellular features as lipid droplets are particularly well-contrasted. (B) Toluidine
blue (Mercer, 1963) stained tissue reveals polychromatic staining of various tissue and subcellular features. (C) Methylene Blue-Azure II-Basic
Fuchsin (Humphrey and Pittman, 1974) staining, revealing dark blue parenchymal cells), light blue nuclei, pink connective tissue cells and black
lipid droplets. (D) Paragon stain (Spurlock et al., 1966; Chu et al., 1980), revealing intensely pink parenchymal cells, light pink nuclei and pale pink
connective tissue. (E) Malachite green oxalate stained (Hayat, 1974) liver tissue, revealing aquagreen parenchymal cells, light green/blue nuclei,
pale green/blue connective tissue and dark green/black lipid droplets. Pale green/blue green staining of free resin (e.g. blood vessels) may occur
throughout the section. (F) Richardson’s stain (Richardson et al., 1960; Chu et al., 1980), revealing dark blue parenchymal cells, light blue nuclei,
pale blue connective tissue and dark blue/black lipid droplets. Scale bar¼ 100mm.
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(Fig. 2A and B). The major advantages inherent to Micro-CT
include the relatively short imaging times—approximately 3 h
per sample—the high degree of automation and the non-
destructive generation of data. Moreover, the high-contrast
data generated facilitated the quick and easy delineation of the
vascular network by means of thresholding, or “isosurface”
segmentation. Whilst our study only investigated a small
segment of liver tissue measuring 1mm3, the technique can
be applied to image volumes as large as entire experimental
animal models (e.g. mice and zebraﬁsh (Cheng et al., 2016)) or
resected organs (e.g. rat liver (Ananda et al., 2006)).
Furthermore, Micro-CT can be performed in in vivo studies in
order to determine such functional pathologies as pulmonary
ﬁbrosis (Johnson, 2007), or the metastatic pathways of cancer
cells to speciﬁc organs (Namati et al., 2010; Geffre et al., 2015).
The current limitations of the technique include the lack of
speciﬁc stains available for the selective visualisation of
particular cellular features, as well as the limited spatial limited
Fig. 4. Schematic depicting the general cross-correlative or combined imaging workflow using different beam-lines that is, X-rays, photons
and electrons. At the left information can be collected ranging from the tissue and cells, down to the subcellular level. The right side of the
illustration provides performance such as the typical volume that can be assessed, the typical acquisition time needed and the expected
resolution for the respective microscopies. Note. Different combinations can be made depending on the research aims. For example, in a
sample with frequent occurring cellular changes the combination of data collected via photons and electrons is sufficient. Furthermore, wide-
field microscopy can be replaced by fluorescent microscopy, and likewise, 3-D scanning electron microscopy can be substituted by 3-D
transmission electron microscopy. All this illustrates the versatility of the combined multidimensional microscopy approach.
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resolution, which in the dataset presented was calculated to be
an isotropic voxel dimension of 2.3mm.
Becauseof thenon-destructive natureofMicro-CT, itwas next
possible to generate ribbons of serial tissue sections for BFLM
investigation. The application of toluidine blue, as is routinely
applied in diagnostic laboratories (Allegra et al., 2009), allowed for
the quick and simple staining of resin-embedded tissue sections.
The polychromatic nature and convenience of the stain
additionally allowed for the observation of an extensive array of
subcellular structures such as nuclei, mitochondria and
endoplasmic reticulum, including cell inclusions ranging from lipids
to polysaccharides and nucleic acids (Fig. 2C). A variety of
additional histological stains compatible with our specimen
preparation workﬂow and imaging set-up were also explored,
given the afﬁnity of particular stains for speciﬁc tissue or
subcellular features (Fig. 3). Relative to the Micro-CT data, BFLM
allowed for the deﬁnitive characterisation of key tissue and
cellular features of the liver including, the portal tract—which is
composed of branches of the hepatic portal vein, hepatic artery
and bile duct—parenchymal cells and the hepatic sinusoids, which
are formed via a simple layer of liver sinusoidal endothelial cells
(LSECs) (Fig. 2C—Inset). Given the limited resolving power
inherent to BFLM (i.e. 0.22mm), it was demanding to
conclusively identify particular leukocytes located within the
sinusoidal lumen, on the basis of their morphological appearance
(see, vide infra). Having aligned and stacked consecutive BFLM
images, it was next possible to segment and model the 3-D
arrangement of the hepaticmicrovasculature, as was done for the
Micro-CT dataset. Relative to the former, the 3-D BFLM series
revealed superior lateral and axial resolution (i.e. 0.36mm XY
and 0.3mm Z), with such structures as the branching points of
individual sinusoids being visible (Fig. 2D). Whilst the image
acquisition of BFLM datasets was relatively fast, the generation of
serial sections was a relatively time consuming process and
certainly a hold-up in the swift processingof samples for combined
multidimensional imaging. Nevertheless, the approach ensures
the retention of sections for future BFLM and EM analysis.
Due to the limited resolvingpowerofBFLM,wenextemployed
EM in order to further characterise features of the hepatic
microarchitecture at the at the nanometre scale. By easily
relocating and correlating the same areas of interest that were
previously captured using Micro-CT and BFLM, it was possible
to gain increasingly detailed morphological and structural
information using BSEM not previously attainable under the
two former techniques. Such a combined bioimaging approach
allowed us to clearly classify and visualise various cells located
within the lumenof ahepatic sinusoidal vessel. These included two
liver-associated natural killer cells—also known as pit cells—
which displayed a clear polarisation of their organelles at one side
of their nucleus, and the presence of characteristic electron dense
granules distributed throughout the cytoplasm (Fig. 2F–J). Indeed,
the characterisation (Wisse et al., 1976) and later designation
(Kaneda et al., 1983) of the pit cell as being one of the four cell
types comprising the hepatic sinusoids, was conﬁrmed by means
of transmission electron microscopy, highlighting the importance
of EM for high-resolution ultrastructural analysis. BSEM further
revealed a large elongated Kupffer cell interacting with both the
sinusoidal endothelium, and two adjacent pit cells by means of
well-developed pseudopodia. Of particular note, the Kupffer cell
cytoplasm contained an extensive endoplasmic reticulum
network, a well-developed multilaminar body, an indented
nucleus and a considerable amount of electron dense lysosomes,
as is commensurate with their phagocytic function. High-
magniﬁcation BSEM also revealed such intricate details as the
hepatocytic microvilli projecting into the perisinusoidal space,
which signiﬁcantly increases the surface area for exchange to take
place. BSEM allowed the capturing of high resolution/pixel array
images (XY pixel size¼ 7 nm), allowing the extraction of high-
magniﬁcation data from intermediate-magniﬁcation images.
Whilst this was certainly advantageous, it signiﬁcantly increased
imaging time, and given the sheer number of 2-D images
comprising a 3-D dataset, represented a secondmajor bottleneck
in the generation of a holistic and combined multidimensional
imaging dataset. This issue was further compounded by the need
to manually segment individual cells—which was not possible
using thresholding or “isosurface” segmentation—in order to
delineate, model and study them in 3-D.
In conclusion, (i) a straightforward and universally applicable
sample preparation protocol, that can be applied irrespective
of tissue origin (Cheng et al., 2016) is outlined; (ii) allowing the
collection of image data in 3-D over different length and
resolution scales and (iii) by doing so, simpliﬁes the disclosure
of holistic ﬁne structural information in large volumes (Fig. 4).
Hence, we put forward that this contemporary bioimaging tool
allows one to investigate rare events, and as such can be used as
a screening method. In addition, this workﬂow can be applied
to quantify events in a large volume ﬁrst and subsequently dial-
in into the micro- and/or nanometre scale, thereby, permitting
the structural or physiological investigation of biological
organisms at the nanometre scale.
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Silver Filler Pre-embedding to Enhance Resolution
and Contrast in Multidimensional SEM: A Nanoscale
Imaging Study on Liver Tissue
Gerald J. Shami, Delfine Cheng, and Filip Braet
Abstract
Contemporarily, serial block-face scanning electron microscopy (SBF-SEM) has emerged as an immensely
powerful nanoscopic imaging technique, capable of generating large-volume three-dimensional informa-
tion on a variety of biological specimens in a semiautomated manner. Despite the plethora of insights and
advantages provided by SBF-SEM, a major challenge inherent to the technique is that of electron charging,
which ultimately reduces attainable resolution and detracts from overall image quality. In this chapter, we
describe a pre-embedding approach that involves infiltration of tissue with a highly conductive silver filler
suspension following primary fixation. Such an approach is demonstrated to improve overall sample
conductivity, resulting in the minimization of charging under high-vacuum conditions and an improvement
in lateral resolution and image contrast. The strength of this sample preparation approach for SBF-SEM is
illustrated on liver tissue.
Key words 3-D reconstruction, 3-D scanning electron microscopy, 3View, Charging, Conductivity,
Contrast enhancement, Hepatic, Resolution, Serial block-face scanning electron microscopy, Silver
filler, Sinusoidal vasculature, Slice and view
1 Introduction
A fundamental tenet of structural biology is the requirement to
generate three-dimensional (3-D) information in order to holisti-
cally reconstruct and visualize biological structures. Contemporar-
ily, serial block-face scanning electron microscopy (SBF-SEM) has
emerged as a profoundly powerful imaging modality, capable of
generating large-volume (>600 μm3) 3-D information from the
tissue to subcellular level, in a semiautomated manner [1, 2]. The
technique involves acquiring inverted backscattered electron
images from the surface of a block of resin-embedded biological
material. Once an image has been acquired, the sample is then
raised between 15 and 200 nm within the chamber of a scanning
electron microscope (SEM), and an ultrathin section is removed
Yuri L. Lyubchenko (ed.), Nanoscale Imaging: Methods and Protocols, Methods in Molecular Biology, vol. 1814,
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from the block face, by means of an automated ultramicrotome
equipped with a diamond knife. In this manner, the repeated
cutting, raising, and imaging of the block results in a pre-aligned,
large-volume 3-D dataset, with a lateral resolution matching the
capabilities of a high-resolution field emission SEM.
Despite the plethora of advantages provided by SBF-SEM, a
major challenge inherent to the technique is that of electron charg-
ing, whereby electrons accumulate within nonconductive regions
of the sample that are uncontrollably and randomly discharged.
This phenomenon results in a range of undesirable artifacts, such
as inhomogeneous illumination of the sample, artificial shifting
of gray values along the image histogram resulting in poor
contrast, image deformation, beam damage, and a reduction in
resolution [3].
The primary method currently used to mitigate charging and
its adverse effects is the employment of sample preparation proto-
cols that involve the repeated application of heavy metal fixatives
(e.g., osmium tetroxide), stains (e.g., lead aspartate and uranyl
acetate), and mordanting agents (e.g., tannic acid and thiocarbo-
hydrazide) in an attempt to improve sample conductivity and con-
trasting [4, 5]. This approach effectively works for lipid-rich
samples (e.g., neural tissue) and cellular regions (e.g., cellular
membranes) which readily react with osmium tetroxide, a major
component of such staining protocols. A shortcoming of this
approach, however, is the occurrence of charging (1) in the absence
of conductive material, such as in “free resin spaces” (e.g., blood
and lymph vessels); (2) within electron-lucent organelles, such as
cell nuclei; and (3) at high magnifications, where the electron dose
per unit area is increased.
Fittingly, a feature common to many SBF-SEM systems is the
ability to image samples under charge controlled, variable pressure
(VP) conditions—via the introduction of various gases (e.g., nitro-
gen or argon) within the specimen chamber (10–2500 Pa)—in
conjunction with the use of specialized high-sensitivity backscat-
tered electron detectors [6]. The introduction of gas just above the
sample results in the generation of positive ions that effectively
neutralize the accumulation of negative charge within the sample,
thus maintaining charge neutrality [7]. Imaging under variable
pressure conditions is not without compromise, however, resulting
in inferior resolution, contrast, and signal-to-noise ratio, relative to
imaging under high-vacuum (HV) conditions. Furthermore,
increased technical difficulties are associated with imaging under
VP conditions, such as optimizing specimen focus and astigmatism
correction [8].
In this chapter, we outline a novel “silver filler pre-embedding
approach” that minimizes charging within extracellular spaces and
increases overall specimen conductivity, by reducing the presence of
“free resin spaces” (e.g., blood vessels) via the introduction of
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highly conductive silver nanoparticles suspended in gelatin. For this
investigation, we utilized liver tissue as our standard—given its
highly vascularized nature—in order to reap the improved image
contrast and resolution benefits obtained, by imaging under high-
vacuum conditions.
2 Materials
2.1 Animals 1. Female Wistar rats (10–12 weeks of age) were housed in plastic
cages at 21 C with a 12-h light-dark cycle and fed and watered
ad libitum.
2.2 Buffer Reagents 1. 0.2 M sodium cacodylate buffer, pH 7.4: Prepare 100 mL of
buffer by combining 3.27 g sodium cacodylate trihydrate,
96.4 mL MQ-(purified by ion-exchange), and 3.6 mL 0.2 M
HCl. Filter through 0.2 μm Millipore filter paper.
2. 0.2 M phosphate buffer solution (PBS), pH 7.4: Prepare
100 mL of buffer by combining 162 mL of 0.2 M Na2HPO4
(17.8 g in 500 mL MQ-water) and 38 mL 0.2 M NaH2PO4
(13.8 g in 500 mL MQ-water). Filter through 0.2 μm Milli-
pore filter paper.
3. 0.1 M PBS, pH 7.4: Prepare 100 mL by adding 50 mL 0.2 M
PBS and 50 mL MQ-water.
2.3 Primary
and Secondary
Fixatives
1. Primary fixative: 1.5% glutaraldehyde in 0.067M sodium caco-
dylate buffer, 1% sucrose and 0.05% calcium chloride, pH 7.4.
Prepare 20 mL of primary fixative by adding 1.2 mL 25%
glutaraldehyde solution, 6.7 mL 0.2 M cacodylate buffer,
0.2 g sucrose, 0.01 g calcium chloride powder, and 12.1 mL
MQ-water.
2. Secondary fixative: 4% formaldehyde in 0.1 M PBS, pH 7.4.
Prepare 10 mL of secondary fixative by combining 2.5 mL 16%
aqueous formaldehyde solution, 5 mL 0.2 M PBS, and 2.5 mL
MQ-water.
3. 1 mL plastic syringe.
4. 25 G needle.
5. 60 mm  15 mm non-treated plastic petri dish.
6. 5 mL solvent-resistant plastic specimen vials.
7. Razor blade, single edge, and stainless steel.
8. Scissors.
9. Forceps.
10. Cyanoacrylate glue.
11. Vibratome® (Leica VT1200 S, Heerbrugg, Switzerland).
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2.4 Silver Filler
Components
1. 7.5% w/v silver nanopowder in 10% w/v gelatin: Weigh
0.075 g of silver nanopowder (<150 nm particle size, Sigma-
Aldrich, NSW, Australia) in a 1.5 mL Eppendorf tube. Add
10% w/v gelatin (1 g porcine gelatin in 10 mL 0.1 M PBS) at
40 C to the 1 mL graduation line of the Eppendorf tube.
Vortex the solution until a homogenous dark-gray suspension
forms.
2. Mini-centrifuge (Traditional LabMini8, Southwest Science,
NJ, USA).
3. Bench vortex mixer.
4. 1.5 mL Eppendorf® tubes.
5. 75 mm  25 mm  1 mm glass microscope slides.
6. Razor blade, single edge, and stainless steel.
7. Fine-tipped forceps.
8. Ice/ice pack.
9. Polystyrene foam box.
10. Toothpicks.
2.5 Post-fixation
and En Bloc Staining
Components
1. 2% osmium tetroxide and 1.5% potassium ferrocyanide in
0.1 M PBS: Prepare 6 mL of solution by adding 3 mL 4%
aqueous osmium tetroxide solution and 3 mL 3% potassium
ferrocyanide (0.3 g K4[Fe(CN)6] 3H2O in 10 mL 0.2 M PBS).
2. 1% thiocarbohydrazide solution: Add 0.1 g thiocarbohydrazide
in 10 mL MQ-water and place in 60 C oven. Agitate gently
every 10 min. Filter through 0.22 μm pore syringe filter
equipped with a 10 mL syringe directly before use.
3. 2% aqueous osmium tetroxide: Prepare by diluting 3 mL of 4%
aqueous osmium tetroxide solution with 3 mL MQ-water.
4. 1% aqueous uranyl acetate. Filter through a 0.22 μm pore
syringe filter equipped with a 10 mL syringe directly before use.
5. Walton’s lead aspartate solution: Prepare an aspartic acid stock
solution by dissolving 0.998 g L-aspartic acid in 250 mL
MQ-water. The pH should be adjusted to 3.8 with 1 M HCl
to facilitate dissolution. To prepare the en bloc lead aspartate
stain, add 0.066 g lead nitrate in 10 mL stock aspartic acid, and
adjust the pH to 5.5 with 1 N KOH. Place the solution in a
60 C oven for 30 min prior to use (no precipitates should
form) [4].
2.6 Dehydration
and Plastic Embedding
Components
1. Absolute ethanol: Dilute into 5 mL aliquots (30%, 50%, 70%,
90% w/v) with MQ-water.
2. Absolute acetone.
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3. Procure 812 (Epon substitute) resin kit. Prepare 42 mL of
hard-grade resin by combining 20 mL procure 812, 9 mL
dodecenylsuccinic anhydride (DDSA), 12 mL methylnadic
anhydride (NMA), and 1.2 mL dimethylbenzylamine
(BDMA). It is imperative to mix components thoroughly to
ensure blocks are of uniform hardness.
4. Aclar® plastic film (cut into 48 mm  24 mm  0.198 mm).
5. 75 mm  25 mm  1 mm glass microscope slides.
6. Polystyrene petri dish (100 mm  15 mm).
7. Toothpicks.
2.7 Sample
Mounting for SBF-SEM
1. Aluminum specimen pins (Gatan, Pleasanton, CA).
2. Injector razor blades.
3. Fine-tipped forceps.
4. Silver conductive epoxy.
5. Leica EM UC7 ultramicrotome (Leica, Heerbrugg,
Switzerland).
6. Glass ultramicrotomy knives.
7. Conductive silver paint.
8. Toluidine blue: 0.5% in 1% aqueous sodium tetraborate.
9. Bright-field light microscope.
10. Metal sputter coater equipped with gold target.
2.8 Serial Block-
Face Scanning
Electron Microscope
1. Zeiss Sigma Variable Pressure SEM (Carl Zeiss Microscopy,
GmbH), equipped with Gatan 3View 2XP (Gatan, Pleasanton,
CA).
3 Methods
3.1 Primary Fixation
of Liver Tissue
1. Fix a resected lobe of liver tissue (1 cm  1 cm  0.5 cm)
by means of injection-mediated perfusion fixation [9] (see
Note 1). Directly after opening the abdominal cavity, remove
a segment of liver tissue using a sharp pair of scissors and
transfer to a petri dish containing 0.1 M PBS at 37 C. Gently
holding the tissue at a corner using a pair of forceps, slowly
inject the primary fixative warmed to 37 C using a 1 mL
syringe equipped with a 25 G needle. The fixative should be
injected slowly until discoloration and hardening of the tissue
occur. Injections should be performed multiple times until
blood is flushed from the tissue, rendering it a homogenous
color and consistency.
2. Slice the tissue into 3 mm3 blocks under the primary fixative
solution, using a clean razor blade. Allow the blocks to react in
the fixative for 1 h at room temperature (RT) (see Note 2).
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3.2 Pre-embedding
with Silver Filler
1. Rinse tissue blocks with 0.1 M PBS (3  5 min).
2. Generate 300 μm thick vibratome sections, adhering the tissue
block to the vibratome holder using cyanoacrylate glue. Once
dried, immerse the tissue under 0.1 M PBS prior to sectioning.
Vibratome settings: knife amplitude 2 mm/s, knife travel speed
1 mm/s, knife angle 9.
3. Transfer the vibratome sections to fresh 0.1 M PBS at RT in
preparation for infiltration with silver filler.
4. Carefully place 5 vibratome sections (measuring
~3 mm  3 mm  0.3 mm) in an Eppendorf tube containing
the silver filler, using fine-tipped forceps, and gently invert the
tube ensuring the sections are suspended solution (seeNote 3).
5. Centrifuge the tube for 30 s using a mini-centrifuge (2000  g
(RCF) @ 6000 rpm). Centrifugation is required for rapid and
homogenous infiltration of the sample.
6. Pipette 0.75 mL of the silver filler solution from the Eppendorf
tube onto a clean glass slide. Carefully retrieve the tissue sec-
tions from the bottom of the Eppendorf tube using a tooth-
pick, and arrange on the glass slide covered in silver filler
solution. Place the slide on an ice pack in a polystyrene foam
box for 15 min, until the gelatin sets.
7. Using a clean, sharp razor blade, cut the tissue sections from
the glass slide, leaving ~1 mm of gelated silver filler around the
sections (see Note 4).
8. Place the sections in a 5 mL solvent-resistant specimen vial, and
secondarily fix in 4% formaldehyde in 0.1 M PBS for 20 min at
RT, in order to fix the silver filler (see Note 5).
9. Rinse tissue with 0.1 M PBS (3  5 min).
The resolution and contrast observed from samples prepared
under the silver filler pre-embedding method are far superior rela-
tive to control samples imaged under both variable pressure and
high-vacuum conditions (Figs. 1 and 2). Charging is completely
eliminated within extracellular spaces, such as the hepatic sinusoidal
capillaries and significantly reduced within prone-charging subcel-
lular structures, namely, parenchymal cell nuclei (Fig. 1f).
The low viscosity of the silver filler medium, additionally, allows
complete penetration of the tissue (Fig. 1I), including within such
confined spaces as bile canaliculi (Figs. 1f and 2b) and the space of
Disse (Fig. 3). A video revealing the distribution of silver filler
pre-embedding medium and the remarkable high-contrast images
of liver tissue (measuring 80 μm  80 μm  64 μm) can be viewed
at: https://vimeo.com/235291098 [10].
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3.3 Post-Fixation
and En Bloc Staining
for SBF-SEM
Samples were prepared under a protocol developed by Deerinck
et al. [4] and validated for the use on liver tissue [8].
1. Post-fix tissues in 2% aqueous osmium tetroxide and 1.5%
potassium ferrocyanide in 0.1 M PBS in darkness for 1 h at RT.
2. Rinse tissues with MQ-water (3  5 min).
3. Incubate tissues in filtered 1% aqueous thiocarbohydrazide
solution for 20 min at RT.
4. Rinse tissues with MQ-water (3  5 min).
5. Secondarily post-fix tissues in 2% osmium tetroxide in darkness
for 30 min at RT.
6. Rinse tissues with MQ-water (3  5 min).
7. Incubate tissues in filtered 1% aqueous uranyl acetate in dark-
ness, overnight at 4 C.
8. Rinse tissues with MQ-water (3  5 min).
9. Incubate tissues in Walton’s lead aspartate solution in a 60 C
oven for 30 min.
10. Rinse tissues with MQ-water (3  5 min).
3.4 Dehydration,
Infiltration, and Plastic
Embedding
1. Dehydrate tissues in an ascending series of ethanol concentra-
tions (30%, 50%, 70%, 90%, and 100%, 100%) for 5 min each
at RT.
2. Dehydrate tissues in an ascending series of ethanol concentra-
tions (30%, 50%, 70%, 90%, 100% and 100%) for 5 minutes
each at RT.
3. Infiltrate tissues with hard-grade Procure 812 (Epon-
substitute) resin (25%, 50%, and 75% in absolute acetone)
with gentle agitation on a specimen rotor for 3 h each.
4. Place tissues in 100% resin overnight and then into fresh resin
for 3 h.
5. Flat embed tissues by placing a glass microscope slide
(75 mm  25 mm  1 mm) in the bottom of a petri dish
(100 mm  15 mm). Center a piece of Aclar film cut into
48 mm  24 mm  0.198 mm atop the glass slide. Syringe
0.5 mL of pure Epon on the Aclar sheet, and carefully arrange
the tissue sections using a toothpick (Fig. 4a). Gently place a
second Aclar sheet and glass slide on top of the sections,
ensuring the resin forms an even, thin layer (Fig. 4b). Polymer-
ize at 60 C for 48 h (see Note 6).
3.5 Sample
Mounting for SBF-SEM
1. Remove the glass slides from the Aclar sheets by pinching and
sliding between thumb and index finger (Fig. 4c).
2. Carefully peel both Aclar sheets from the polymerized resin
sheet using fine-tipped forceps (Fig. 4c).
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Fig. 1 Comparison of control versus rat liver tissue prepared under the silver filler method. (a, b) Control tissue
imaged under VP conditions. No charging is visible; however contrast and resolution relative to (c, e) is inferior.
(c, d) Control tissue imaged under HV conditions. Contrast and resolution is improved relative to (a, b);
568 Gerald J. Shami et al.
3. Using a clean, sharp dissector razor blade, cut a tissue block
measuring ~600 μm  600 μm  300 μm (Fig. 4d).
4. Adhere the tissue block to an aluminum specimen pin using
conductive silver epoxy, under the aid of a dissection micro-
scope or ultramicrotome binoculars.
5. Sparingly paint the exposed edges of the tissue block with
conductive silver paint, in order to improve sample
conductivity.
6. Face up the block face using an ultramicrotome, equipped with
a glass knife.
7. Generate semithin sections (~0.5 μm thick), stain with tolui-
dine blue, and observe with a light microscope to verify com-
plete exposure of the tissue along the block face, and verify
adequate fixation quality.
8. Sputter coat the tissue block with a 30 nm thick layer of gold to
assist with alignment of the sample within the microscope
(Fig. 4e).
3.6 Serial Block-
Face Scanning
Electron Microscopy
(SBF-SEM)
For comparative purposes, inverted backscattered electron images
(8192 8192 pixels, 16-bit,XY pixel size 15 nm, Z pixel size (slice
thickness) 100 nm, pixel dwell time 3 μs) were acquired at a fixed
working distance of 4.3 mm. Datasets were captured under both
variable pressure (35 Pa) and high-vacuum conditions for control
samples, and high-vacuum conditions for samples prepared under
the silver filler pre-embedding method (Fig. 1).
3.6.1 Selection
of Imaging Parameters
The selection of imaging parameters is of course dependent on the
biological question at hand, and there are several considerations
which should be taken into account.
1. Higher accelerating voltages (e.g., 3 kV) result in superior
signal-to-noise ratio, contrast, and lateral (XY) resolution,

Fig. 1 (continued) however charging is present within parenchymal cell nuclei (white arrowheads) and hepatic 
sinusoidal capillaries (black arrowheads). (e, f) Liver tissue prepared under the silver filler method, imaged 
under HV conditions. The images display high contrast and resolution relative to (a, c), Charging is absent 
within parenchymal cell nuclei and the hepatic sinusoids, due to the presence and increased conductivity 
provided by the silver filler (black arrowheads). The silver filler is also visible within such confined intercellular 
spaces as a bile canaliculus (BC) (f). Note: For comparative purposes, no contrast enhancement was applied to 
images a–f, with the exception of automated histogram normalization, which was applied equally to all 
images. (g) Quantitative comparison of line-profile measurements, revealing the improved resolution gained, 
under HV conditions. (h) Quantitative comparison of image contrast. Samples prepared under the silver filler 
method, reveal greater distribution of gray values along the image histogram. Note: The gradient bar on the y-
axis of the graph was inserted using Adobe Photoshop as a visual aid. (i) 3-D volume revealing the complete 
penetration of silver filler throughout inter- and extracellular spaces (black arrows). Scale bar: a, c, e, and 
i ¼ 20 μm and b, d, and f ¼ 3 μm
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Fig. 2 (a) Low-magnification overview of a hepatic parenchymal cell (PC1), bounded by three adjacent
parenchymal cells (PC2, PC3, and PC4) and three sinusoidal capillaries (HS), which contain silver filler.
Higher-magnification insets (1–3) are shown in (b–d). (b) A bile canaliculus (BC) is shown, that is formed
by the opposing plasma membranes of PC1 and PC2 in (a). Microvilli (Mv) are visible, projecting within the
canalicular lumen. (c) Inset taken from a region between PC1 and PC4, including a part of a sinusoidal capillary
(HS) in (a). Silver filler is visible within the sinusoidal lumen (HS), in addition to the confined intercellular
spaces between the two opposing parenchymal cells (black arrowhead). Subcellular structures including
mitochondria (M), glycogen (Gly), and the convoluted profiles of smooth endoplasmic reticulum (sER) are
clearly visible. (d) Inset taken from the perinuclear region, extending toward the plasma membrane of PC1 in
(a). High-resolution nanoscopic information, generated by imaging under high-vacuum conditions, reveals
highly contrasted subcellular structures. These include the nuclear envelope (NE), perforated by nuclear pore
complexes (NPC), rough endoplasmic reticulum (rER), arranged as parallel cisternae, glycogen rosettes (Gly),
peroxisomes (P) and numerous mitochondria (M), which display infoldings of the inner mitochondrial
membrane to form cristae (Mc), and such diminutive inclusions as mitochondrial granules (Mg). (e) 3-D
model of a volume corresponding to the region indicated in (D) (Z-axis depth ¼ 1 μm) achieved by means of
histogram thresholding in IMOD, revealing electron-dense structures—primarily cellular membranes and
glycogen rosettes—that can be selectively visualized, due to the increased resolution and contrast benefits
provided by pre-embedding with silver filler. Scale bars: a ¼ 10 μm, b–e ¼ 2 μm
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however inferior axial (Z) resolution, due to increased beam
energy, and, subsequently, increased interaction volume within
the sample. Samples are also increasingly prone to charging and
beam damage due to the increased electron dose.
2. Larger pixel arrays (e.g., 8192 8192 pixels vs. 4096 4096)
result in higher resolution datasets, providing
low-magnification overview information (e.g., at the tissue or
cellular level), whilst providing the ability to zoom into regions
of interest at the subcellular level. This however comes at the
expense of prolonged acquisition time.
Fig. 3 (a, b) Schematic diagram depicting (a) control tissue versus (b) tissue prepared under the silver filler
pre-embedding method, revealing the distribution of silver filler within intercellular spaces (e.g., the space
between adjacent hepatic parenchymal cells (PC), including the bile canaliculi (BC)) and extracellular spaces,
such as the lumen of the hepatic sinusoids and the space of Disse (SoD) (the interface between parenchymal cell
microvilli and the basal plasma membrane of liver sinusoidal endothelial cells (LSECs)). (c) Inverted back-
scattered electron micrograph revealing a liver sinusoidal endothelial cell (LSEC) forming the lumen of a hepatic
sinusoidal capillary (HS), captured under HV conditions. Silver filler is visible within the lumen of the hepatic
sinusoidal capillary (HS), in addition to such constricted extracellular spaces as the space of Disse (SoD)—
between LSECs and parenchymal cells (PC). (d) 3-D model of a liver sinusoidal endothelial cell (green), its
flattened nucleus (white), and the space of Disse (blue) superimposed with (c). Automated segmentation of the
space of Disse (blue) was facilitated by means of histogram thresholding, due to the homogenous gray scale
intensity of the silver filler. Scale bars: c and d ¼ 10 μm
Fig. 4 Flat embedding and sample mounting for SBF-SEM. (a) Place a clean glass slide in the bottom of a
100 mm  15 mm non-treated plastic petri dish. Place a sheet of Aclar atop the glass slide and syringe
3. Section thickness (between 15 and 200 nm) is the primary
determinant of axial resolution, and its value is used for the
calculation of voxel dimensions (see Note 7). Thinner sections
provide superior axial resolution and are appropriate when
structures change significantly between slices (e.g., membranes
of the endoplasmic reticulum, vesicles, etc.). For a given vol-
ume, however, thinner sections increase both imaging time and
dataset size (see Note 8).
4. Variable pressure chamber conditions are advantageous in com-
batting electron charging, however result in inferior image
quality, namely resolution, contrast and signal-to-noise ratio,
relative to imaging under HV conditions.
5. A large objective aperture (e.g., >60 μm) results in greater
signal, however, at the expense of poorer resolution and
depth of focus and increased risk of charging.
3.7 Post-Processing
and Image Analysis
There are a multitude of applications—both free (e.g., ImageJ/Fiji)
and those requiring an annual license subscription (e.g., Aviso)—
which are suitable for image processing, analysis, segmentation, and
visualization. We use the freeware software packages “Fiji” [11] for
image processing and “IMOD” [12] for image segmentation, 3-D
visualization, and morphometric analysis.
1. Given the sheer size of SBF-SEM datasets (seeNote 9), we first
perform pixel binning in order to resize datasets to a more
manageable size (see Note 10). If high-resolution information
is required from specific regions of interest, an unbinned
sub-volume is cropped from the raw dataset.
2. The dataset is inspected for substandard images, such as those
where occasional sections have fallen from the knife, back onto
the block face. These sections are deleted and replaced by the
“previous” or “next” image in the dataset. This step is espe-
cially important when “thresholding segmentation” is
performed.
3. Image stack histogram normalization is performed, in order to
make full use of gray values along image histogram, thereby
improving image contrast.

Fig. 4 (continued) 0.5 mL of pure Epon onto the Aclar sheet. Carefully transfer and position tissue sections
using a toothpick. Gently position a second Aclar sheet and glass slide on top of the resin ensuring an even
layer, devoid of air bubbles, is formed. (b) Polymerize the sections in an oven at 60 C for 48 h. (c) Remove the
two glass slides by pinching between thumb and index finger. Carefully remove Aclar sheets using fine-tipped
forceps, producing a thin resin sheet ~0.3 μm thick. (d) Using an injector razor blade, trim samples to desired
size. (e) Mount trimmed specimen atop an aluminum specimen pin using conductive epoxy; paint lateral edges
with silver paint and gold coat, prior to loading in the SBF-SEM
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4. Files are exported as a suitable format (e.g., MRC or Tiff stack)
for 3-D segmentation.
5. For 3-D modelling, segmentation, and visualization of
SBF-SEM datasets, we use the freeware software package
IMOD [12]. Cellular features can be segmented manually—
by tracing high-contrast lines—or by means of “isosurface
thresholding” of specified gray scale values.
6. Volumetric image analysis is performed using the “imodinfo”
command, providing such morphometric parameters as vol-
ume, surface area and length, etc.
4 Notes
1. Successful perfusion of the tissue and removal of blood from
the hepatic sinusoids are essential in order for the silver filler to
penetrate these charging-prone spaces.
2. If tissue blocks are to be stored, they should remain in cacody-
late buffer at 4 C until required. If samples are fixed with a
concentration of glutaraldehyde below 0.5%, then they should
remain in the primary fixative.
3. It is essential to work quickly in order to prevent sedimentation
of the silver nanopowder (due to its high relative density to the
gelatin solution). This also prevents gelation of the solution
prior to infiltration of the tissue, allowing complete penetration
of the tissue block within such confined intercellular spaces as
the space of Disse and bile canaliculi, as well as larger free resin
spaces, such as the lumen of sinusoidal capillaries.
4. Once the tissue sections have been infiltrated with the silver
filler and the gelatin has set on the slide, the sections can be
difficult to see. It is advisable to shine a light (e.g., desk lamp)
on the undersurface of the slide so that the tissue sections can
be easily visualized, and excess silver filler is not collected with
the tissue section.
5. Silver filler pre-embedding has also been successfully applied to
other tissues including small intestine (jejunum), where it
occupies the intervillous space and extracellular spaces of the
vasculature, demonstrating the suitability of the method for
3-D investigation of a diverse range of samples. A prerequisite
for successful pre-embedding with silver filler is the absence of
physical cellular barriers. These include such structures as the
basal lamina/basement membrane, which the silver filler can-
not penetrate, due to insufficient discontinuities, in addition to
the plasma membrane of cells, thereby preventing the passage
of silver filler within the intracellular environment (except
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where the cell has been perforated by means of dissection or
vibrating blade microtomy).
6. Flat-embedding tissues reduces charging and improves con-
ductivity due to the minimization of excess resin above and
below the sample.
7. Axial resolution is also determined by accelerating voltage,
however is highly variable given the heterogeneous composi-
tion of biological materials, and is also difficult to accurately
calculate. As such, section thickness should be used to calculate
voxel dimensions.
8. From our experience, 30 nm is the minimum section thickness
that the automated microtome can reliably cut.
9. Typical datasets consisting of 500 images, acquired at
8192  8192 pixels, have a file size of ~64 gigabits (Fig. 1l).
10. Pixel binning reduces image resolution, however results in
improved signal-to-noise ratio.
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Giant mitochondria are peculiarly-shaped, large mitochondria in hepatic parenchymal cells, the 
internal structure of which is characterised by atypically arranged cristae, enlarged matrix 
granules and crystalline inclusions. The presence of giant mitochondria in human tissue 
biopsies is often linked with cellular adversity – caused by toxins such as alcohol, xenobiotics, 
anti-cancer drugs, free-radicals, nutritional deficiencies or as a consequence of high fat Western 
diets. To date, non-alcoholic fatty liver disease is the most prevalent liver disease in lipid 
dysmetabolism, in which mitochondrial dysfunction plays a crucial role. It is not well 
understood whether the morphologic characteristics of giant mitochondria are an adaption or 
caused by dysfunction. In the present study, we employ a complementary multimodal imaging 
approach involving serial section scanning electron microscopy and transmission electron 
tomography in order to comparatively analyse the structure and morphometric parameters of 
thousands of normal- and giant mitochondria in four patients diagnosed with non-alcoholic fatty 
liver disease. In so doing, we reveal functional alterations associated with mitochondrial 
gigantism and propose a mechanism for their formation based on our ultrastructural findings. 
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5.1. Introduction 
 
Mitochondria are unique double-membrane bounded organelles that primarily function in 
cellular respiration via the oxidative phosphorylation of carbohydrates and fatty acids to 
produce adenosine triphosphate (ATP)1,2. The observation of these ubiquitous organelles was 
first identified by Altmann in 18943 by means of light microscopy. However it wasn’t until the 
early 1950s that the internal ultrastructure of mitochondria was more wholly illustrated by 
Palade4 and Sjöstrand5, utilising ultrathin sectioning and electron microscopy.  
Mitochondria are structurally characterised by a spherical or elongated ovoid 
morphology, which is highly variable depending upon the plane of sectioning4. They are 
delimited from the cytosol by a smooth outer membrane (~7 nm thick), and a second inner 
membrane (~5 nm thick) to which parallel infoldings of cristae (more fully, cristae 
mitochondriales) are attached via tubes called pediculi cristae of varying length6. The 
infoldings of the cristal membrane is functionally important for increasing the surface area for 
ATP production7,8. The concentric arrangement of the inner and outer mitochondrial 
membranes forms two sub-compartments: the intermembrane space9, which is located between 
the inner and outer membranes; and the matrix, which is the space inside the inner membrane. 
The matrix contains mitochondrial DNA (mtDNA), soluble enzymes of the citric acid cycle, 
matrix granules, ribosomes, nucleotide cofactors and inorganic ions9-11. Nearly all living 
eukaryotic cells contain mitochondria, however their size (~0.5 – 3 µm), shape and number 
varies considerably, both between different cell types but also within the chondriome (the total 
mitochondria population of a cell)12,13. By observing mitochondria in living cells, it became 
apparent that they constantly move, change shape and sometimes fuse or split into two daughter 
mitochondria14. 
Given the cardinal role that mitochondria play in normal cellular function, 
mitochondrial abnormalities such as gigantism, in which mitochondria can reach diameters 
greater than that of the cell nucleus, represent an area of particular interest, due to the link 
between mitochondrial ultrastructural alterations, dysfunction and the development of clinical 
disease15-17. Giant mitochondria (GM) (a.k.a. megamitochondria) were first observed in 1958 
by Ekholm and Edlund 18 in human patients diagnosed with cholestatic liver disease. Not long 
thereafter, Novikoff and Essner19 observed similar structures,  describing “electron-opaque 
deposits in membrane-bound bodies” in rat hepatic parenchymal cells (HPC) in animals 
injected with bilirubin. At the time, they hypothesised that those “bodies” were mitochondria 
and might arise as a non-specific response to noxious agents. Throughout the ensuing years, 
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GM have been reported to occur in a variety of hepatopathologies, including: hepatic 
porphyria20, Gilbert’s syndrome21, viral hepatitis22 alcoholic23 and non-alcoholic liver disease24 
to name a few. GM have also been experimentally induced in various animal models proceeding 
nutritional or pharmacological manipulation (for a review see Tandler and Hoppel 25). 
The occurrence of GM is not restricted to the liver, having been reported amongst a  
variety of tissues – namely those that display a high degree of metabolic activity, such as 
cardiac, skeletal, adipose26 and neural tissue27. GM have also been observed to occur in a variety 
of species including: mice, rats, gerbils, dogs and monkeys28-30. A few studies have reported on 
GM in normal cells31 and apparently normal liver32, however the lack of available literature 
suggests this isn’t a particularly common occurrence. 
GM display a highly variable appearance that is commensurate with the diverse milieu 
amongst which they exist. Their gross morphology can be classified as elongated, irregular or 
spheroidal23,33,34 the frequency of which is correlated with specific diseases and experimental 
models. The internal configuration of GM is both multifold and dramatically distinct from their 
normal-sized counterparts. They are typically characterised by a greatly augmented matrix35, 
atypically arranged and/or sparse cristae36, dense granules37,38, vacuoles39, myelin figures40 and 
intramitochondrial inclusions, referred to as crystalline41, crystalloid42, paracrystalline43 or 
filamentous44.  
Whilst GM have been characterised in various tissues and disease states, previous 
studies have primarily utilised conventional two-dimensional (2-D) imaging approaches, 
providing a limited insight into the complex three-dimensional (3-D) morphology, internal 
ultrastructure, distribution and relationship of GM with functionally related organelles. Herein, 
we employ a complementary imaging approach involving serial section scanning electron 
microscopy (S3EM) and transmission electron tomography (TET) in order to comparatively 
analyse the structure and morphometric parameters of normal mitochondria (NM) and GM in 
four patients diagnosed with non-alcoholic fatty liver disease. In so doing, we reveal functional 
alterations associated with mitochondrial gigantism in human hepatic tissue, and propose a 
mechanism for their formation based on 3-D models and ultrastructural findings, in concert 
with the classification and quantification of GM morphology.  
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5.2. Materials & Methods 
 
5.2.1. Human NAFLD Samples  
 
Liver biopsies were obtained from patients at Maastricht University Medical Centre between 
September 2005 and September 2009. Four samples were selected based on a positive double-
blind diagnosis for NAFLD made by a clinical pathologist. The study was performed in 
accordance with the ethical standards of the Declaration of Helsinki, and written informed 
consent was obtained from each patient. 
 
5.2.2. Sample Preparation for Electron Microscopy  
 
Human liver wedge biopsies measuring ~1 cm × 1 cm × 1 cm were fixed with 1.5% 
glutaraldehyde in 0.067 M sodium cacodylate buffer (pH 7.4) (primary fixative) by means of 
injection perfusion fixation as previously described in detail45. Following injection, tissues were 
cut into 1 mm × 1 mm × 1 mm blocks and allowed to react in the primary fixative for no longer 
than 20 min proceeding injection. Tissues were washed with 0.2 M sodium cacodylate buffer 
(pH 7.4) and post-fixed in 1% osmium tetroxide in 0.2 M phosphate buffer (pH 7.4) for 1 h at 
room temperature in darkness. Samples were washed with distilled water and dehydrated in an 
ascending series of ethanol concentrations. Following complete dehydration, samples were 
infiltrated with 50% Epon in absolute ethanol overnight, 100% Epon for 1 h and 100% Epon 
overnight. Tissues were transferred to BEEM® capsules in 100% Epon and polymerised at 60°C 
for 67 h.  
 
5.2.3. Serial Section Scanning Electron Microscopy (S3EM) 
 
In order to reconstruct large cellular volumes, hundreds of serial sections per sample were 
collected in accordance with the methods developed by Micheva and Smith 46. Using a dissector 
blade, Epon-embedded blocks were trimmed forming a trapezoid approximately 2× wider than 
the height of the block. A sparring mixture of Welwood glue and xylene (1:2) was applied to 
the long edge of the trapezoid and allowed to dry for 2 min. The application of the glue/xylene 
mixture was essential for adhesion between consecutive sections, ensuring the holistic 
reconstruction of 3-D structures from a series of 2-D sections47.  
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For each sample, a series of 400 consecutive sections of 150 nm-thick sections (depth 
sectioned = ~60 µm/sample) was collected on a hydrophilized glass slide by means of glow 
discharging for 30 sec. The slide was then placed on a hot plate (~60°C), allowing the water to 
evaporate and the sections to stretch out and firmly adhere to the slide (10 min). Next, the glass 
slide was carbon-coated (15 nm) in order to render it electrically conductive, and mounted on 
a SEM stub. Silver paint was applied from the top surface of the slide, to the underlying stub to 
further improve conductivity.  
Inverted backscattered field emission scanning electron microscopy (BSEM) was 
conducted using a Zeiss Sigma, operating at 4 kV at a working distance of 5.3 mm. Images (8 
K × 8 K pixels, 16-bit, 11.9 × 11.9 × 150 nm voxel dimensions, pixel dwell time 3 µs) were 
acquired at 1,200× magnification yielding a XY field of view of 98.4 µm2. 
In order to achieve anatomically consistent image registration over the 400 images 
captured for each dataset, a series of digital fiducial markers were manually aligned with 
cellular features of interest that change predictably between successive sections, such as 
parenchymal cell nuclei. This facilitated coarse alignment of images, accounting for rotational 
differences of regions of interest between serial sections, due to imperfectly straight ribbons, 
section compression and shearing caused by sectioning.  
Proceeding data acquisition, S3EM datasets were processed using Fiji, a freeware open-
source image processing software package48. Datasets were converted to 8-bit pixel depth and 
resampled to a final voxel size of 37.5 × 37.5 × 150 nm by means of average pixel binning. 
Image histogram stack normalisation was performed, in order to improve global image contrast. 
Images were automatically aligned using the StackReg plugin for Fiji49 and finally cropped to 
produce a symmetrical 3-D dataset.  
 
5.2.4. Transmission Electron Tomography (TET) 
 
In order to reconstruct the fine internal ultrastructure of GM, 120 nm-thick sections were 
generated from the same blocks previously sectioned, and mounted onto 200 mesh copper grids. 
Sections were then post-stained with 2% aqueous uranyl acetate and Reynold’s lead citrate for 
10 min each.  
Two tomograms were acquired at 15,000× and 30,000× magnifications respectively, 
using a JEM-2100 (Jeol, Japan) transmission electron microscope operating at 200 kV. Single 
axis tilt series were captured with a bottom-mounted UltraScan® 4000 large-format CCD 
camera (Gatan, Japan) over a −60° to +60° tilt range (increment 1°) using automated 
Chapter 5                                                                                  Quantitative 3-D Modelling of Giant Mitochondria in NAFLD 
 
93 
tomography acquisition software (TEMographyTM, SYSTEM IN FRONTIER Inc., Japan). Tilt 
series were aligned and computed into a tomogram using back-projection algorithms 
(Visualizer-kai, TEMographyTM, SYSTEM IN FRONTIER Inc., Japan). 
 
5.2.5. 3-D Segmentation, Visualisation & Sampling Protocol 
 
For 3-D modelling and visualisation, datasets were processed using IMOD a suite of image 
processing, modelling and display programs used for 3-D reconstruction and segmentation of 
tomographic data and EM serial sections50.  
For S3EM datasets, cellular structures of interest were segmented by means of manual 
tracing of high-contrast lines using 3dmod, a graphical user interface application that is bundled 
with the IMOD software package50. Four cells from each patient were selected (16 cells in 
total), and each cell was divided into four equal planes (64 planes in total) along the XZ axis. In 
order to eliminate potential selection bias, all mitochondria intersecting one of the four XY-
slicer images – tangential to the four XZ divisions for each cell – was segmented, rendered and 
classified either as a “normal” or “giant mitochondrion” on the basis of morphological features. 
For each HPC, the plasma membrane and associated nuclei were also modelled.  
Of special note, in order to provide a more detailed visual example and morphometric 
illustration of an entire cell of interest, the total mitochondrial population, intracellular lipid 
droplets and HPC nuclei were also modelled (patient 4). 
For TET datasets, the inner and outer mitochondrial membranes were delineated by 
means of manual tracing, whilst intramitochondrial crystalline inclusions and enlarged matrix 
granules were segmented via automated thresholding-based segmentation approaches. 
Visualisation of both S3EM and TET datasets of volume-rendered pseudocoloured structures 
of interest was performed within IMOD.  
 
5.2.6. Morphometry & Statistical Analysis 
 
Quantitative measurements of a range of common morphometric parameters was performed on 
individual mitochondria using IMOD. Object measures including surface area and volume were 
obtained using the “imodinfo” script, whilst mitochondrial length and width measurements 
were obtained manually using the “measure tool”.  For each patient, data are reported as means 
± S.D. Two-tailed T-tests assuming unequal variance were used to evaluate differences between 
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NM and GM, with the level of significance set at 0.05. Statistical analysis was performed using 
GraphPad Prism (version 7.02).  
 
5.3. Results 
 
5.3.1. Classification of Giant Mitochondria 
 
We first aimed to classify GM in HPCs on the basis of morphological deviations relative to NM 
ultrastructure. Specifically, GM were designated as those containing sparse or irregularly 
arranged cristae, enlarged matrix granules and filamentous intramitochondrial crystalline 
inclusions (ICIs). Of note, GM were not observed in non-parenchymal cells of the liver, such 
as liver sinusoidal endothelial cells, Kupffer cells and hepatic stellate cells (Fig. 1). 
 
Chapter 5                                                                                  Quantitative 3-D Modelling of Giant Mitochondria in NAFLD 
 
95 
 
Figure 1. (Left column) 3-D reconstruction of the hepatic microarchitecture of the four patients and corresponding model 
views of hepatic parenchymal cells (HPCs) (blue), normal mitochondria (green), giant mitochondria (red) and nuclei 
(white). (Middle column) 2-D slicer images overlayed with model views of the HPCs and associated subcellular structures 
corresponding to Column 1, 3-D. (Right column) Higher-magnification XZ model views of a single cell of interest selected 
from each dataset, revealing the sampling protocol employed. Each cell was divided into 4 equal planes along the XZ axis 
and all mitochondria intersecting one of the four XY-slicer images – tangential to the four XZ divisions – for each cell were 
modelled and classified as a normal- (green) or giant mitochondrion (red). Scale bars: Column 1 & 2 = 25 µm; column 3 = 
10 µm. 
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5.3.2. Comparative Morphometry of Normal vs. Giant Mitochondria 
 
Figure 2 graphically summarises a variety of common morphometric parameters derived from 
all patients, for NM (green) (54%; n = 2,451) and GM (red) (46%; n = 2,081) illustrated in 
Figure 1. The data reported below are the total means ± S.D, combining all respective 
measurements from each of the patients. All comparative measurements were considered 
statistically significant (P = < 0.001). Additional tabular and graphical mitochondrial data 
derived from each of the 16 cells analysed is also available (Supplementary Data S1-S3). 
Mean GM surface area (9.51 ± 6.20 µm2) and volume (1.13 ± 0.97 µm3) measurements 
were 4× and 4.7× greater, respectively, relative to NM (µx NM surface area = 2.35 ± 1.26; µx 
NM volume = 0.24 ± 0.15 µm3) (Fig. 2 A & B). Of note, this represented a 17.4% reduction in 
the surface area-to-volume (SA:V) ratio between GM and NM (Fig. 2C). In rare instances 
(<1%), GM were observed to reach incredible volumes of up to 26% of the mean HPC nucleus 
volume (277.92 ± 139.23 µm3; n = 19) and 1.15% of the average HPC volume (6,443.81 ± 
5,037.50 µm3; n = 16). 
  On average GM were 3.5× longer (µx GM length = 3.99 ± 1.68 µm; µx NM length = 
1.18 ± 0.59 µm) and 1.2× wider than NM (µx GM width = 0.64 ± 0.24 µm; µx NM width = 0.55 
± 0.15 µm) (Fig. 2 D & E). Mitochondrial length was defined as the straightest path along the 
length of a given mitochondrion, according to the criteria established by Noske, et al. 51. No 
attempts were made to distinguish between NM or GM in a state of fusion or fission; thus, 
mitochondrial length is reflective of calliper measurements (i.e. diameter max), and not total 
mitochondrial length, incorporating branching/fusing segments. GM were rarely observed to 
measure tremendous lengths of up to 13.36 µm, representing 44% of the average HPC length 
(30.41 ± 9.15 µm; n = 16). 
Mean patient frequency measurements of GM, relative to NM, ranged between 36-65%, 
with a combined average of 46% for all patients (Fig. 2F, Supplementary Data S3). The highest 
GM frequency was observed in a cell from patient 4, of which 76% of the chondriome was 
composed of GM. 
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Figure 2. Quantitative comparison of a range of common morphometric parameters obtained from normal- (n = 2,451) 
and giant mitochondria (n = 2,081). For each parameter P = ≤ 0.001. Additional tabular and graphical data derived from 
each of the 16 cells analysed (4 cells/patient) is also available (Supplementary Data S1-S3). Legend: CS, Combined score 
of all patients 
 
5.3.3. Whole Cell Reconstruction of the Entire Chondriome 
 
Segmentation, modelling and morphometric analysis of the entire chondriome – selected from 
a cell of interest derived from patient 4 – was performed in order to comprehensively visualise 
(Fig. 3) and quantify (Table 1) NM and GM, with functionally related structures of interest. 
The global organisation of both NM and GM were evenly distributed throughout the cytoplasm. 
GM displayed three directions of polarity (Fig. 3H), which were aligned with the three 
longitudinal facets of the sinusoid-HPC plasma membrane domain (Fig. 3A). Whilst normal-
sized mitochondria revealed a similar directionality, although this was less evident due to their 
smaller size (Fig. 3G).  
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Both NM and GM were frequently observed in close association with lipid droplets and 
glycogen rosettes and were regularly seen to surround larger lipid spheres. The outer 
mitochondrial membrane was frequently in such close association with the outer lipid surface 
that the two membranes appeared to fuse. These observations are commensurate with their 
prime function in the production of ATP, of which both fatty acids – derived from lipid droplets 
– and carbohydrates – derived from glycogen – are a primary substrate. Another common 
association observed was between mitochondria and the rough endoplasmic reticulum (rER), 
of which curved profiles of the latter were seen to partially or fully surround mitochondria. 
Broad areas of direct contact between the two structures was a frequent observation.   
A summary of quantitative data calculated from the 3-D models of mitochondria, lipid 
droplets and HPC nuclei within the selected cell of interest has been summarised in Table 1. 
The binucleate HPC appeared hypertrophic, being 3.8× more voluminous (HPC volume = 
15,584 µm3) than the median value (4,493.20 µm3; n = 16). The two HPC nuclei had a volume 
of 521.35 µm3 and 489.87 µm3 (µx nucleus volume = 505.61 ± 22.26 µm3) and occupied 6.49% 
of the cytoplasmic volume.  
The chondriome of the cell of interest contained a total of 2,526 mitochondria, of which 
45% (n = 1,142) were normal-sized, and 55% (n = 1,384) were giant. The total chondriome 
occupied 11.25% (1,752.32 µm3) of the cytoplasmic volume. NM only occupied 1.55% of the 
HPC cytoplasmic volume (total NM volume = 241.24 µm3), whilst GM constituted the 
remaining 9.70% (total GM volume = 1,511.08 µm3). Mean GM surface area (9.25 ± 7.00 µm2) 
and volume (1.09 ± 1.51 µm3) measurements were 4.3× and 5.2× greater, respectively, relative 
to NM (µx NM surface area = 2.15 ± 1.31 µm2; µx NM volume = 0.21 ± 0.14 µm3) (Table 1). 
These measurements did not statistically differ from the mitochondrial measurements reported 
for the sampled cells – derived from each patient – thus validating the sampling protocol 
employed in this study.  
The HPC of interest contained 106 lipid droplets that were peripherally distributed 
throughout the cytoplasm, in close proximity to the HPC plasma membrane. Lipid droplets 
varied considerably both in surface area (µx 11.54 ± 13.97 µm2; total = 1,223.27 µm2) and 
volume (µx 5.04 ± 9.11 µm3; total = 533.98 µm3), occupying 3.43% of the HPC cytoplasmic 
volume. 
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Figure 3. (A) Reconstructed 3-D volume consisting of 400 consecutive images (section thickness = 150 nm). XY = 84.82 
µm, Z = 60 µm. Total volume = 453,249 µm3. Magnification 1,200×. The volume contains a 3-D reconstruction of a hepatic 
parenchymal cell (HPC) (blue) from patient 4, surrounded by the hepatic sinusoidal network (red) and bile canaliculi 
(green). (B and C) show top and bottom views, respectively, of the HPC of interest, overlayed with an XY inverted 
backscattered SEM (BSEM) image. (D and E) reveal front and right-side model views, respectively, overlayed with 
corresponding XZ and YZ BSEM images. (F-I) reveals higher-magnification model views of the HPC and corresponding 
model views of normal- (green) and giant mitochondria (red), lipid droplets (yellow) and nuclei (white). Scale bars: (A) = 
30 µm; (B-I) = 10 µm.  
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Table 1. A comparative summary of quantitative volumetric data, extending the image data for the selected hepatic 
parenchymal cell depicted in Figure 3.  
 HPC Mitochondria Lipid Droplets Nuclei 
  Normal Giant   
Total Number 1 1,142 (45%) 1,384 (55%) 106 2 
Total SA 4,107.73 µm2 2,461.50 µm2  12,797.52 µm2 1,223.27 µm2 621.60 µm2 
Mean SA N/A 2.15 ± 1.31 µm2 9.25 ± 7.00 µm2 11.54 ± 13.97 µm2 310.80 ± 9.26 µm2  
Total Volume 15,584 µm3 241.24 µm3 1,511.08 µm3 533.98 µm3 1,011.22 µm3 
Mean Volume N/A 0.21± 0.14 µm3  1.09 ± 1.51 µm3  5.04 ± 9.11 µm3 505.61 ± 22.26 µm3 
% of HPC 
Volume 
N/A 1.55% 9.70% 3.43% 6.49% 
Legend: HPC, Hepatic parenchymal cell; SA, surface area. Results are expressed as means ± S.D where applicable.  
 
5.3.4. Characterisation of Giant Mitochondria Morphology 
 
GM were categorised into three general types based on the previous descriptions of Iseri and 
Gottlieb 33. Figure 4 illustrates the various 3-D morphologies observed and quantifies their 
relative frequencies (n = 2,081) amongst the patients analysed (Fig. 4J). 
Elongated mitochondria (Fig 4 A-C) were spindle- or rod-shaped as was consistent with 
the observations of Uchida, et al. 23, and were the most frequently occurring morphology 
(90.9%) (n = 1,892) (Fig. 4J). On average they measured 3.90 ± 1.63 µm in length – however 
were seldom observed to reach lengths of up to 12 µm (<1%) – 0.63 ± 0.20 µm in width and 
1.02 ± 0.79 µm3 in volume. Organisation of the cristae was highly variable, ranging from well-
developed to completely disorganised amongst all patients. ICIs were characteristically oriented 
parallel to the longitudinal axis of elongated mitochondria, and when sectioned in perfect 
longitudinal section, could be visualised extending the full length of the mitochondrion.  
Irregular mitochondria were characterised by a branching or stellate morphology (Fig. 
4 D-F) and were of moderate frequency (7.5%) (n = 156). On average they measured 4.89 ± 
2.07 µm in length, 0.71 ± 0.46 µm in width and 2.00 ± 1.42 µm3 in volume. Irregular 
mitochondria typically revealed increased cristal membrane disorganisation relative to 
elongated mitochondria. Organisation of ICIs were observed in various orientations, running 
parallel to the longitudinal axis of branching segments (Fig. 4D).  
Spheroidal mitochondria were circular or globular in morphology (Fig 4. G-I) and the 
least frequently occurring morphology (1.6%) (n = 33) (Fig. 4J). They were observed in all 
patients except patient 2. They were particularly conspicuous, frequently rivalling the 
dimensions of the nucleus (Fig. 4G). They measured 6.64 ± 2.05 µm in length, 2.40 ± 1.68 µm 
in width and 20.23 ± 19.21 µm3 in volume. Of the three morphologies characterised, spheroidal 
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mitochondria displayed the most bizarre internal configuration. Cristal membrane 
disorganisation was particularly pronounced, and numerous atypical inclusions were observed 
within the mitochondrial matrix, including: electron-lucent vacuoles, enlarged electron-dense 
matrix granules, lipidic material and ICIs randomly oriented with no specific directionality, in 
opposition to the regular arrangement of such structures in elongated and irregular 
mitochondria.  
 
 
Figure 4. A comparative overview of the three most common giant mitochondria morphologies, and proposed mechanism 
for their formation. (A-C) Elongated mitochondria revealing a spindle or rod-shaped morphology. They are characterised 
by ICIs arranged parallel relative to the longitudinal axis of the mitochondrion. (D-F) Irregular mitochondria displaying a 
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branching or stellate morphology in which ICIs are oriented parallel to the longitudinal axis of the various branching/fusing 
segments. (G-I) An enormous spheroidal giant mitochondrion displaying a globose morphology in which numerous 
mitochondrial inclusions are visible throughout the matrix, and ICIs are oriented with no particular directionality. (J) 
Quantitative comparison of the relative frequency of elongated, irregular and spheroidal giant mitochondria amongst the 
four patients. Legend: P1-4, Patient 1-4; CS, indicates the combined score for all patients. (K) Proposed mechanism for 
the formation of giant mitochondria. Giant mitochondria may form by either fusion (blue arrows) of elongated mitochondria 
or fission of spheroidal mitochondria (green dotted arrows), or both. Fusion involves initial degeneration of normal 
mitochondria, accompanied by disorganisation of cristae and the parallel alignment of ICIs relative to the longitudinal axis, 
to form elongated mitochondria. Next, multiple elongated mitochondria aggregate and fuse to form irregular mitochondria, 
in which ICIs are arranged parallel relative to the longitudinal axis of each branching/fusing segment. Irregular mitochondria 
appear to accumulate additional degenerative alterations, and in so doing enlarge to form spheroidal mitochondria, which 
are characterised by paucity of the cristal membrane and loss of the random arrangement of ICIs throughout the 
mitochondrial matrix. The proposed mechanism for giant mitochondria formation via fission (2, green dotted arrows) finally 
involves gross enlargement of normal mitochondria into spheroidal mitochondria. These may rearrange into branching 
profiles (irregular mitochondria), which then may divide into multiple elongated mitochondria. Based on ultrastructural 
observations and frequency measurements, the mechanism for mitochondrial fission as the primary mechanism for giant 
mitochondria formation seems unlikely, however cannot be excluded. Scale bar: 3 µm.  
 
5.3.5. Electron Tomographic Characterisation of Intramitochondrial 
Crystalline Inclusions (ICIs) & Enlarged Matrix Granules 
 
ICIs were a prominent feature characteristic of HPC mitochondria, whose appearance was 
highly dependent on the plane of sectioning with respect to the plane of the crystal lattice. In 
longitudinal section, ICIs appeared as parallel arrangements of filamentous or rod-like 
inclusions (Fig. 5A). ICIs were organised into bundles that, if captured in the appropriate 
orientation, could be visualised spanning the full length of the mitochondrion. The direction 
and organisation of ICIs within the mitochondrial matrix was highly dependent on the specific 
gross morphological classification of an individual mitochondrion (elongated, irregular or 
spheroidal) as outlined above.       
 In cross-section, ICIs appeared as highly-ordered arrays of globular, dot-like structures 
of homogenous electron-density. Individual filaments measured 8.65 ± 1.31 nm in diameter and 
were arranged in an equilateral rhomboid pattern with regular periodicities of 7.38 ± 1.61 nm 
(Fig 5. D & E). The intervening space between filaments was of similar electron-density to the 
surrounding mitochondrial matrix. Transversely, conglomerates of ICIs were arranged as 
cylindrically shaped bundles measuring 140.95 ± 16.46 nm in diameter (Fig. 5 D-F). The 
number of filaments per bundle was highly variable. Bundles of ICIs were located within the 
mitochondrial matrix, and often observed in close association with cristae, including the 
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intercristal space. ICIs were not observed within the intracristal or intermembranous 
compartments.  
Another prominent feature of GM was the presence of enlarged matrix granules, which 
were particularly prominent within “irregular” and “spheroidal GM. These appeared as large 
electron-opaque spherules, composed of smaller amorphous subunits. Enlarged matrix granules 
measured 117.56 ± 25.65 nm in diameter, representing a 2.8× increase relative to matrix 
granules derived from NM (µx NM granule diameter = 42.59 ± 8.57 µm) (Fig. 5 A & B). No 
visible differences in the electron density of both normal-sized and enlarged matrix granules 
were observed.       
Of note, lipid bilayers were not resolved. This observation is commensurate with 
chemically fixed, heavy metal-treated samples. It is important to note that samples were 
prepared using both osmium tetroxide and potassium ferrocyanide, which improve contrasting 
of biological membranes, however reduce attainable resolution due to the complexation of these 
two agents upon the phosphate heads of the lipid bilayer, which can impair the visualisation of 
the fatty-acid chains/tails (i.e. the hydrophobic core of the lipid bilayer). Thus, the visualisation 
of cellular membranes indicates a resolution within the range of 6-12 nm, which was sufficient 
for the structural and morphometric analysis of our structures of interest (ICIs).  
   
 
 
Chapter 5                                                                                  Quantitative 3-D Modelling of Giant Mitochondria in NAFLD 
 
104 
 
Figure 5. The 3-D structure of intramitochondrial crystalline inclusions (ICIs) and enlarged matrix granules revealed by 
transmission electron tomography. (A) High-magnification image (15,000× magnification) of longitudinal arrays of ICIs 
(arrowheads) and enlarged matrix granules (arrows) distributed throughout the mitochondrial matrix. (B) 3-D model view 
of the outer- (dark blue) and inner mitochondrial membranes (red), ICIs (light blue) and enlarged matrix granules (orange), 
corresponding to (A). (C) Higher-magnification model view of a bundle of ICIs corresponding to the yellow bounding box 
in (B). (D) High-magnification image (30,000× magnification) and corresponding model view (E) of a bundle of ICIs in 
transverse section. The individual rod-like filaments appear to be composed of globular subunits, measuring 8.65 ± 1.31 
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nm in diameter and are arranged in a rhomboid pattern with regular periodicities of 7.38 ± 1.61 nm. (F) Rotated model 
view relative to (E) indicating the rod-like inclusions are organised as individual filaments, and not lamellar sheets as may 
be perceived from 2-D TEM micrographs. (G) Schematic diagram revealing the internal ultrastructure of giant 
mitochondria. The left-hand side of the diagram reveals a 2-D image of common ultrastructural abnormalities within the 
matrix of giant mitochondria, such as ICIs enlarged matrix granules and disrupted cristae. The right-hand side of the 
diagram reveals characteristic features of giant mitochondria that may not be observed in their entirety in a single image, 
or a single magnification, including: mitochondrial DNA, ribosomes, matrix granules, the inner- and outer mitochondrial 
membranes and intervening intermembrane space, as well as ICIs in both longitudinal and transverse profile. Scale bars: 
(A & B) 200 nm; (C-F) = 50 nm. 
 
5.4. Discussion 
 
Mitochondrial function is intrinsically tied to normal ultrastructure, alterations of which are a 
common observation in non-alcoholic fatty liver disease52. In the present study, we 
complimentarily employed S3EM and TET in order to comparatively analyse NM and GM in 
four patients diagnosed with non-alcoholic fatty liver disease (NAFLD), revealing adverse 
structural alterations indicative of impaired mitochondrial function.  
S3EM expedited the acquisition of large cellular volumes at the nanometre scale, 
facilitating the global reconstruction of thousands of NM and GM and accompanying 
morphometric data. Collectively, the relative quantitative differences between NM and GM 
revealed significant differences amongst the most commonly used morphometric parameters 
outlined under Fig. 2 and Table 1. Of particular note was the 17.4% reduction in the SA:V ratio 
of the outer mitochondrial membrane between GM and NM; suggesting a potential reduction 
in the efficiency and utilisation of pyruvate (the product of glycolysis) and free fatty acids 
within the cytosol, through the outer mitochondrial membrane. This alteration is particularly 
profound considering that GM occupied 6.25× greater cytoplasmic volume of the HPC of 
interest (Fig. 3), despite only accounting for a 10% increase in number, relative to NM. 
Impaired energy-producing capacity of GM relative to their normal-sized counterparts, was 
further supported by our observations of disorganisation and paucity of the inner mitochondrial 
membrane; the infoldings of which – into cristae – are well-documented to increase the surface 
area for ATP production53. Furthermore, abnormal intramitochondrial inclusions such as ICIs 
and enlarged matrix granules, were observed to occupy a significant portion of the matrix of 
GM (~30-40%), impeding upon the space available for the various reactions of the citric acid 
cycle to occur.   
Despite gross morphological and ultrastructural alterations indicating deranged 
mitochondrial metabolism, GM function does not appear to be completely lost. Reconstruction 
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of the entire chondriome from the randomly selected cell of interest (Fig. 3) revealed parallel 
alignment of GM within the cytoplasm, along the three longitudinal axes of the sinusoid-HPC 
plasma membrane domain (Fig. 4A). These observations are commensurate with the suggestion 
that mitochondrial orientation is dependent upon the direction of diffusion currents within 
cells54. Functionally, the arrangement of GM in such a manner, is important in reducing the 
distance for diffusion- and increasing surface area for the uptake of oxygen and primary 
substrates for ATP production, from their source in the hepatic sinusoids, to their site of 
utilisation in mitochondria55. Retention of some degree of mitochondrial function is further 
supported by the close association between GM and lipid droplets, glycogen rosettes and the 
rER. Lipid droplets are a well-documented source for the maintenance of mitochondrial 
membrane integrity and fatty acids for mitochondrial β oxidation, and have more recently been 
shown to play a protective role in the sequestration of toxic lipids that arise during autophagic 
degradation of membranous organelles56. Similarly, close proximity between glycogen and 
mitochondria reduces the distance for the uptake of pyruvate at the outer mitochondrial 
membrane, from glycogen depolymerisation into glucose and conversion by means of 
glycolysis within the cytosol. Mitochondrial association with the rER is another common 
phenomenon implicated in a variety of biological processes, including: mitochondrial fusion, 
Ca2+ transfer, autophagy and inflammasome formation57.  
The initiation for GM biogenesis has been attributed to various disease processes and 
noxious influences, including: hormonal imbalances58, oral contraceptive use59, protein, 
vitamin and nutritional deficiencies60, chronic alcoholism61 and NAFLD24 to name a few. 
Despite the well-defined stimuli for GM formation, much conjecture regarding the genesis of 
these anomalous structures prevails.  
After rigorous analysis of thousands of normal- and giant mitochondria, a continuity 
between the three GM morphologies (elongated, irregular and spheroidal) appears to exist, from 
which two mechanisms of GM formation can be postulated. GM may form either by (i) fusion 
of multiple mitochondria, or (ii) by enlargement of a single mitochondrion, or both32 (Fig. 4K); 
of which our data supports the former argument. Initially, the internal ultrastructure of normal-
sized mitochondria appears to disorganise, in which mitochondrial membrane irregularities and 
the accumulation of ICIs parallel to the longitudinal axis of the mitochondrion are observed, to 
form elongated GM (Fig. 4A). Next, migration and contact of multiple elongated mitochondria 
is seen – an atypical phenomenon where NM never touch in normal HPCs due to the repulsion 
of like surface charge62. Groups of elongated mitochondria become interlocked forming 
bizarrely-shaped, irregular mitochondria in which multiple fusing profiles are observed (Fig. 
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4D). ICIs are aligned parallel to the longitudinal axis of the fusing segments, and further 
degeneration of the cristae membranes is observed, relative to elongated GM. The rare 
occurrence of enormous spheroidal GM appears to be an indicator of advancing disease 
progression (Fig. 4G). These structures are characterised by numerous abnormal 
intramitochondrial inclusions, and most notably contain ICIs which are orientated in various 
directions throughout the mitochondrial matrix. Whilst the direction of ICIs relative to the 
longitudinal axis of GM appears to be specific to GM morphology (elongated, irregular or 
spheroidal), is it unclear whether this is symptomatic or causative of morphology. Projections 
of regularly arranged cristae throughout the entirety of the mitochondrial matrix is also 
completely lost. The gross enlargement and accumulation of atypical ultrastructural features 
indicates further disorganisation of these structures relative to elongated and irregular GM.  
The sequence of GM formation via fusion from elongated to irregular and bizarre in 
morphology is further supported by the observation of intermediate forms, and quantitatively 
justified by the descending order of frequency for each morphology. Whilst not totally 
excludable, the reverse mechanism of GM formation via fission, from grossly enlarged 
spheroidal, to irregular and elongated seems unlikely due to the rare occurrence (≤ 3.7%) of 
spheroidal GM. If GM formation via fission were to be the dominant mechanism, the division 
of spheroidal GM into irregular and subsequently elongated mitochondria must be a highly 
dynamic process. 
Throughout the literature, much ambiguity and conflicting descriptions regarding the 3-
D nature of intramitochondrial crystals and crystalloids exists. By employing tilt-based TET, 
we revealed the 3-D structure of ICIs and enlarged matrix granules at a resolution not conferred 
by S3EM (Fig. 5). 3-D modelling facilitated the virtual manipulation of ICIs enabling the 
accurate measurement of the diameter of these structures, and their regularly spaced priorities. 
Significant variations throughout the literature regarding the diameter of individual filaments 
(6-12 nm) and the intervening space (5-20 nm) are likely due to inaccuracies introduced by 
oblique sectioning and the interpretation of 2-D micrographs63. TET revealed ICIs as individual 
rod-like inclusions composed of globular subunits that were arranged into bundles, the 
orientation of which was dependent on the classification of GM as previously outlined. 
Filamentous inclusions were not observed as plate-like or lamellar arrangements, as has 
previously been documented64. Such variations in ICI structure and mitochondrial location may 
be attributed to specific cell types and disease states and delays in tissue fixation after biopsy 
or post-mortem65. From our observations, ICIs were exclusively limited to the intercristal and 
matrix compartments, whereas in neuronal and muscular mitochondriopathies they have 
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additionally been observed within the intracristal and intermembranous spaces65,66. Of note, 
lipid bilayers were not resolved in TET datasets; an observation that is commensurate with 
chemically fixed, heavy metal-treated samples. It is important to note that samples were 
prepared using both osmium tetroxide and potassium ferrocyanide, which improve contrasting 
of biological membranes, however reduce attainable resolution due to the complexation of these 
two agents upon the phosphate heads of the lipid bilayer, which can impair the visualisation of 
the fatty-acid chains/tails (i.e. the hydrophobic core of the lipid bilayer). Thus, the visualisation 
of cellular membranes indicates a resolution within the range of 6-12 nm, which was sufficient 
for the structural and morphometric analysis of our structures of interest (ICIs). Methods to 
improve the resolution of the individual components of cellular membranes would be to employ 
cryofixation methods in the absence of post-staining; however, there are numerous logistical 
limitations associated with cryo-preserving clinical human material. Moreover, the use of 
single-tilt axis acquisitions were justified in this investigation as filaments were aligned parallel 
to the tilting axis, thereby minimising the potential “missing wedge” associated with TET 
datasets. Datasets were also acquired with a 1° tilt increment and 120 nm-thick sections were 
imaged on a high-resolution TEM operating at 200 kV thereby maximising both lateral and 
axial resolution. Moreover, ICIs were imaged in transverse and longitudinal profile, to ensure 
holistic 3-D characterisation.  
The chemical composition and significance of ICIs continues to remain elusive amongst 
the various pathologies in which GM are observed. Optical diffraction studies in human HPCs 
have suggested that ICIs represent crystalline phase transitions of the lamellar phospholipid 
bilayer67. The study of Caldwell, et al. 24 was in agreement with these observations, who also 
demonstrated the presence of ICIs in NAFLD. In a recent study by Nürnberger, et al. 68 the 
authors revealed ICIs of equine chondrocytes were proteinaceous in nature, detecting the 
protein-relevant elements nitrogen, sulphur and phosphor by means of energy-filtered TEM. It 
has been postulated that such crystals in hibernating animals and oocytes may represent a form 
of protein storage, however in human HPCs, the presence and frequency of ICIs is considered 
an indication of mitochondrial degeneration32. The formation of ICIs has also been observed 
and induced in ischemic and creatine-depleted skeletal myocytes, by feeding with f-
guanidinopropionic acid and beta-guanidine, resulting in mitochondrial lesions associated with 
mitochondrial myopathy69-73. In such investigations, the molecular composition of ICIs has 
been revealed to be enriched with creatine kinase, a clinical marker of tissue damage.  
To-date, a major limitation of the studies attempting to characterise the chemical 
composition of ICIs has been the use of chemically fixed and resin-embedded samples. Future 
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studies should employ cryo-fixation methods such as plunge- or high-pressure freezing in order 
determine the unaltered chemical nature of ICIs, without the use of cross-linking and heavy 
metal fixatives that may impede elemental analysis. Elemental dispersive X-ray diffraction or 
cryo-atom probe tomography represent two viable techniques for determining the composition 
of ICIs in vivo at atomic resolution. Despite the advantages cryogenic fixation confers for the 
near native preservation of cellular ultrastructure, logistical difficulties prohibit its use in 
clinical settings; hence experimental animal or cell models in which GM are induced represent 
a viable alternative. Another alternative biochemical approach to analyse ICIs would be to 
perform mass spectrometry of isolated ICIs, in order to unequivocally determine the elemental 
signature of these elusive structures in NAFLD.  
Moreover, the absence of control (i.e. healthy human liver tissue) was a limitation within 
this investigation, that would provide important context to the study, by allowing a comparative 
approach to assess the morphological changes associated with NAFLD in diseased and healthy 
tissue. The inclusion of such material was unfortunately unattainable to due to logistical and 
ethical reasons. As such, we rigorously defined “normal mitochondria” relative to “giant 
mitochondria” based on ultrastructural features observed both in our investigation and well as 
those well-documented throughout the literature.  
TET revealed a 2.8-fold increase in the diameter of matrix granules present in GM, 
relative to NM. Previous investigation of mitochondrial granules has revealed that they are 
composed of calcium, magnesium, phosphorous, phospholipids (cardiolipin), glycolipids, 
protein and cytochrome c oxidase74-76. Large electron-opaque granules measuring similar 
diameters as reported in this investigation (>100 nm) were observed by Lehninger, et al. 77 in 
the matrix of rat liver mitochondria incubated in a solution containing calcium and inorganic 
phosphate. Whilst compositional analysis was not performed on enlarged matrix granules in 
this study, the increased diameter of these structures may be attributable to alterations in 
mitochondrial metabolism, resulting in the accumulation of the various afore mentioned 
components of matrix granules. Given the fundamental role of mitochondria in calcium 
handling, pathological manifestations (i.e. enlargement) of this function  are potentially 
multifold, including: impairment of Ca2+ signalling, cell metabolism, autophagy, cell survival 
(related to the release of caspase cofactor), ATP production, and generalised dysregulation of 
mitochondrial and cellular homeostasis78.  
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5.5. Conclusion 
 
We have complementarily employed serial section scanning electron microscopy and 
transmission electron tomography to comparatively analyse normal- and giant mitochondria, in 
four patients diagnosed with non-alcoholic fatty liver disease. In so doing, we reveal 
ultrastructural alterations associated with giant mitochondria function, including a significant 
reduction in the surface area-to-volume ratio and disorganisation of the inner- and cristal 
mitochondrial membranes indicating impaired function. Whole cell reconstruction of normal- 
and giant mitochondria, lipid droplets and nuclei provided an in-depth view, illustrating the 
global distribution and morphometry of such structures in their entirety. By characterising the 
internal ultrastructure and classifying giant mitochondria morphology (elongated, irregular and 
spheroidal) our results indicate a continuum in the formation of these anomalous structures via 
mitochondrial fusion. Finally, transmission electron tomography revealed the three-
dimensional structure of intramitochondrial crystalline inclusions, as filamentous rod-like 
inclusions distributed throughout the mitochondrial matrix and intercristal space. Further 
studies on the chemical composition of such inclusions is necessary to fully elucidate their 
biochemical nature and pathophysiological significance in NAFLD.  
 
5.6. References 
 
1. Alberts, B. Molecular biology of the cell, (Garland Science, New York, 2008). 
2. Mannella, C.A., Lederer, W.J. & Jafri, M.S. The connection between inner membrane topology 
and mitochondrial function. Journal of molecular and cellular cardiology 62, 51-57 (2013). 
3. Altmann, R. Die Elementarorganismen und ihre Beziehungen zu den Zellen [The elemental 
organisms and their relationships to the cells], (Veit, 1894). 
4. Palade, G.E. The fine structure of mitochondria. The Anatomical Record 114, 427-451 
(1952). 
5. Sjostrand, F.S. Electron microscopy of mitochondria and cytoplasmic double membranes. 
Nature 171, 30-32 (1953). 
6. Daems, W.T. & Wisse, E. Shape and attachment of the cristae mitochondriales in mouse 
hepatic cell mitochondria. Journal of Ultrastructure Research 16, 123-140 (1966). 
7. Frey, T.G. & Mannella, C.A. The internal structure of mitochondria. Trends Biochem Sci 25, 
319-324 (2000). 
8. Perkins, G., et al. Electron Tomography of Neuronal Mitochondria: Three-Dimensional 
Structure and Organization of Cristae and Membrane Contacts. Journal of Structural Biology 
119, 260-272 (1997). 
9. Ernster, L. & Kuylenstierna, K. In Membranes of Mitochondria and Chloroplasts, (Van Nistrand 
Reinholdt, New York, 1970). 
10. Ross, M.H. & Pawlina, W. Histology a text and atlas : with correlated cell and molecular 
biology.  xv, 984 pages (Wolters Kluwer Health,, Philadelphia, 2016). 
11. Voet, D., Voet, J.G. & Pratt, C.W. Fundamentals of biochemistry : life at the molecular level, 
(Wiley, Hoboken, NJ, 2008). 
12. Logan, David C. Mitochondrial fusion, division and positioning in plants. Biochemical Society 
Transactions 38, 789-795 (2010). 
Chapter 5                                                                                  Quantitative 3-D Modelling of Giant Mitochondria in NAFLD 
 
111 
13. Wiemerslage, L. & Lee, D. Quantification of Mitochondrial Morphology in Neurites of 
Dopaminergic Neurons using Multiple Parameters. Journal of neuroscience methods 262, 56-
65 (2016). 
14. Westrate, L.M., Drocco, J.A., Martin, K.R., Hlavacek, W.S. & MacKeigan, J.P. Mitochondrial 
Morphological Features Are Associated with Fission and Fusion Events. PLOS ONE 9, e95265 
(2014). 
15. Cataldo, A.M., et al. Abnormalities in mitochondrial structure in cells from patients with 
bipolar disorder. Am J Pathol 177, 575-585 (2010). 
16. Cogliati, S., et al. Mitochondrial Cristae Shape Determines Respiratory Chain Supercomplexes 
Assembly and Respiratory Efficiency. Cell 155, 160-171. 
17. Mannella, C.A., Lederer, W.J. & Jafri, M.S. The connection between inner membrane topology 
and mitochondrial function. Journal of Molecular and Cellular Cardiology 62, 51-57. 
18. Ekholm, R. & Edlund, Y. The mitochondria in human normal and cholestatic liver. in Vierter 
Internationaler Kongress für Elektronenmikroskopie / Fourth International Conference on 
Electron Microscopy / Quatrième Congrès International de Microscopie Électronique: Berlin 
10.–17. September 1958 (eds. Bargmann, W., et al.) 273-275 (Springer Berlin Heidelberg, 
Berlin, Heidelberg, 1960). 
19. Novikoff, A.B. & Essner, E. The liver cell: Some new approaches to its study. The American 
Journal of Medicine 29, 102-131 (1960). 
20. Jean, G., Lambertenghi, G. & Ranzi, T. Ultrastructural study of the liver in hepatic prophyria. 
J Clin Pathol 21, 501-507 (1968). 
21. Slabodsky-Brousse, N., Feldmann, G., Brousse, J. & Dreyfus, P. [Stereological study on the 
frequency of hepatic giant mitochondria in patients with Gilbert's disease as compared with 
a normal control group (author's transl)]. Biologie et gastro-enterologie 7, 179-186 (1974). 
22. Jezequel, A.M. [Myelin degeneration of the mitochondria of the human liver in epithelioma of 
the choledochus and in viral jaundice. Study with the electron microscope]. J Ultrastruct Res 
3, 210-215 (1959). 
23. Uchida, T., Kronborg, I. & Peters, R.L. Giant mitochondria in the alcoholic liver diseases--
their identification, frequency and pathologic significance. Liver 4, 29-38 (1984). 
24. Caldwell, S.H., et al. Intramitochondrial crystalline inclusions in nonalcoholic steatohepatitis. 
Hepatology 49, 1888-1895 (2009). 
25. Tandler, B. & Hoppel, C.L. Studies on giant mitochondria. Ann N Y Acad Sci 488, 65-81 
(1986). 
26. Boengler, K., Kosiol, M., Mayr, M., Schulz, R. & Rohrbach, S. Mitochondria and ageing: role 
in heart, skeletal muscle and adipose tissue. Journal of Cachexia, Sarcopenia and Muscle 8, 
349-369 (2017). 
27. Sandbank, U. & Lerman, P. Progressive cerebral poliodystrophy--Alpers' disease. 
Disorganized giant neuronal mitochondria on electron microscopy. J Neurol Neurosurg 
Psychiatry 35, 749-755 (1972). 
28. Peter, G. Histopathology of Preclinical Toxicity Studies.  (2012). 
29. Spicer, S.S., Parmley, R.T., Boyd, L. & Schulte, B.A. Giant Mitochondria Distinct from 
Enlarged Mitochondria in Secretory and Ciliated Cells of Gerbil Trachea and Bronchioles. Am 
J Anat 188, 269-281 (1990). 
30. Coleman, R., Silbermann, M., Gershon, D. & Reznick, A.Z. Giant mitochondria in the 
myocardium of aging and endurance-trained Mice. Gerontology 33, 34-39 (1987). 
31. Munn, E.A. The structure of mitochondria, (Academic Press, 1974). 
32. Ghadially, F.N. 3 - Mitochondria. in Ultrastructural Pathology of the Cell and Matrix (Third 
Edition) 195-342 (Butterworth-Heinemann, 1988). 
33. Iseri, O.A. & Gottlieb, L.S. Alcoholic hyalin and megamitochondria as separate and distinct 
entities in liver disease associated with alcoholism. Gastroenterology 60, 1027-1035 (1971). 
34. Porta, E.A., Bergman, B.J. & Stein, A.A. Acute Alcoholic Hepatitis. Am J Pathol 46, 657-689 
(1965). 
35. Thoenes, W. [On matrix-rich giant mitochondria. Electron microscopic observations on 
tubular epithelium of the human kidney in the nephrotic syndrome]. Z Zellforsch Mikrosk 
Anat 75, 422-433 (1966). 
36. Tandler, B., Horne, W.I., Brittenham, G.M. & Tsukamoto, H. Giant mitochondria induced in 
rat pancreatic exocrine cells by ethanol and iron. Anat Rec 245, 65-75 (1996). 
37. Tandler, B. & Hoppel, C.L. Ultrastructural effects of riboflavin deficiency on rat hepatic 
mitochondria. Anat Rec 196, 183-190 (1980). 
38. Tandler, B., Erlandson, R.A. & Wynder, E.L. Riboflavin and mouse hepatic cell structure and 
function. I. Ultrastructural alterations in simple deficiency. Am J Pathol 52, 69-96 (1968). 
39. Itoh, G. [Electron microscopic and histochemical study of the rat adrenal cortex treated with 
aminoglutethimide (Elipten, CIBA) and its reparative process]. Acta Pathol Jpn 27, 75-91 
(1977). 
Chapter 5                                                                                  Quantitative 3-D Modelling of Giant Mitochondria in NAFLD 
 
112 
40. Wakabayashi, T., Asano, M. & Kurono, C. Mechanism of the formation of megamitochondria 
induced by copper-chelating agents. I. On the formation process of megamitochondria in 
cuprizone-treated mouse liver. Acta Pathol Jpn 25, 15-37 (1975). 
41. Svoboda, D.J. & Manning, R.T. Chronic Alcoholism with Fatty Metamorphosis of the Liver: 
Mitochondrial Alterations in Hepatic Cells. The American Journal of Pathology 44, 645-662 
(1964). 
42. Haust, M.D. Crystalloid structures of hepatic mitochondria in children with heparitin sulphate 
mucopolysaccharidosis (Sanfilippo type). Exp Mol Pathol 8, 123-134 (1968). 
43. Ruffolo, R. & Covington, H. Matrix inclusion bodies in the mitochondria of the human liver: 
evidence of hepatocellular injury. Am J Pathol 51, 101-116 (1967). 
44. Mugnaini, E. Filamentous Inclusions in the Matrix of Mitochondria from Human Livers. J 
Ultrastruct Res 11, 525-544 (1964). 
45. Wisse, E., et al. Fixation methods for electron microscopy of human and other liver. World 
Journal of Gastroenterology : WJG 16, 2851-2866 (2010). 
46. Micheva, K.D. & Smith, S.J. Array Tomography: A New Tool for Imaging the Molecular 
Architecture and Ultrastructure of Neural Circuits. Neuron 55, 25-36 (2007). 
47. Blumer, M.J.F., Gahleitner, P., Narzt, T., Handl, C. & Ruthensteiner, B. Ribbons of semithin 
sections: an advanced method with a new type of diamond knife. Journal of Neuroscience 
Methods 120, 11-16 (2002). 
48. Schindelin, J., et al. Fiji: an open-source platform for biological-image analysis. Nature 
Methods 9, 676 (2012). 
49. Thevenaz, P., Ruttimann, U.E. & Unser, M. A pyramid approach to subpixel registration based 
on intensity. IEEE Trans Image Process 7, 27-41 (1998). 
50. Kremer, J.R., Mastronarde, D.N. & McIntosh, J.R. Computer Visualization of Three-
Dimensional Image Data Using IMOD. Journal of Structural Biology 116, 71-76 (1996). 
51. Noske, A.B., Costin, A.J., Morgan, G.P. & Marsh, B.J. Expedited approaches to whole cell 
electron tomography and organelle mark-up in situ in high-pressure frozen pancreatic islets. 
J Struct Biol 161, 298-313 (2008). 
52. Pessayre, D. & Fromenty, B. NASH: a mitochondrial disease. Journal of Hepatology 42, 928-
940 (2005). 
53. Jiang, Y.-f., et al. Electron tomographic analysis reveals ultrastructural features of 
mitochondrial cristae architecture which reflect energetic state and aging. Scientific reports 
7, 45474 (2017). 
54. Pollister, A.W. Mitochondrial Orientations and Molecular Patterns. Physiological Zoology 14, 
268-280 (1941). 
55. Kayar, S.R. & Banchero, N. Distribution of Mitochondria Relative to Capillaries in Guinea-Pig 
Myocardium. Adv Exp Med Biol 191, 211-216 (1985). 
56. Klecker, T., Braun, R.J. & Westermann, B. Lipid Droplets Guard Mitochondria during 
Autophagy. Dev Cell 42, 1-2 (2017). 
57. Marchi, S., Patergnani, S. & Pinton, P. The endoplasmic reticulum–mitochondria connection: 
One touch, multiple functions. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1837, 
461-469 (2014). 
58. Sabatini, D.D., Bleichmar, H.B. & Derobertis, E.D. Submicroscopic Study of Pituitary Action 
on Adrenocortex of Rat. Endocrinology 70, 390-& (1962). 
59. Lane, G., et al. Dose Dependent Effects of Oral Progesterone on the Estrogenized Post-
Menopausal Endometrium. Brit Med J 287, 1241-1245 (1983). 
60. Mair, W.G.P. & Tomé, F. Atlas of the ultrastructure of diseased human muscle, (Elsevier, 
2013). 
61. Toshikaza, U., Ian, K. & L., P.R. Giant mitochondria in the alcoholic liver diseases – their 
identification, frequency and pathologic significance. Liver 4, 29-38 (1984). 
62. Heidrich, H.-G., Stahn, R. & Hannig, K. The surface charge of rat liver mitochondria and their 
membranes. The Journal of Cell Biology 46, 137 (1970). 
63. Kashiwagi, R., et al. Crystalline Inclusions in Hepatocyte Mitochondria of a Patient with 
Porphyria Cutanea Tarda. Yonago Acta medica 42, 135-140 (1999). 
64. Burns, W., Vander Weide, G. & Chan, C. Laminated mitochondrial inclusions in hepatocytes 
of liver biopsies. Arch Pathol 94, 75-80 (1972). 
65. Pena, C.E. Periodic units in the intracristal and envelope spaces of neuronal mitochondria. 
An artifact due to delayed fixation. Acta Neuropathol 51, 249-250 (1980). 
66. Price, H.M., Gordon, G.R., Munsat, T.L. & Pearson, C.M. Myopathy with atypical mitochondria 
in type I skeletal muscle fibers. A histochemical and ultrastructural study. J Neuropathol Exp 
Neurol 26, 475-497 (1967). 
67. Sternlieb, I. & Berger, J.E. Optical diffraction studies of crystalline structures in electron 
micrographs. II. Crystalline inclusions in mitochondria of human hepatocytes. J Cell Biol 43, 
448-455 (1969). 
Chapter 5                                                                                  Quantitative 3-D Modelling of Giant Mitochondria in NAFLD 
 
113 
68. Nürnberger, S., et al. Giant crystals inside mitochondria of equine chondrocytes. 
Histochemistry and Cell Biology 147, 635-649 (2017). 
69. Gori, Z., De Tata, V., Pollera, M. & Bergamini, E. Mitochondrial myopathy in rats fed with a 
diet containing beta-guanidine propionic acid, an inhibitor of creatine entry in muscle cells. 
British journal of experimental pathology 69, 639-650 (1988). 
70. De Tata, V., Cavallini, G., Pollera, M., Gori, Z. & Bergamini, E. The induction of mitochondrial 
myopathy in the rat by feeding beta-guanidinopropionic acid and the reversibility of the 
induced mitochondrial lesions: a biochemical and ultrastructural investigation. International 
journal of experimental pathology 74, 501-509 (1993). 
71. Stachowiak, O., Schlattner, U., Dolder, M. & Wallimann, T. Oligomeric state and membrane 
binding behaviour of creatine kinase isoenzymes: Implications for cellular function and 
mitochondrial structure. in Bioenergetics of the Cell: Quantitative Aspects (eds. Saks, V.A., 
Ventura-Clapier, R., Leverve, X., Rossi, A. & Rigoulet, M.) 141-151 (Springer US, Boston, 
MA, 1998). 
72. Eppenberger-Eberhardt, M., et al. Adult rat cardiomyocytes cultured in creatine-deficient 
medium display large mitochondria with paracrystalline inclusions, enriched for creatine 
kinase. The Journal of Cell Biology 113, 289-302 (1991). 
73. O'Gorman, E., Fuchs, K.H., Tittmann, P., Gross, H. & Wallimann, T. Crystalline mitochondrial 
inclusion bodies isolated from creatine depleted rat soleus muscle. Journal of Cell Science 
110, 1403-1411 (1997). 
74. Bowser, D.N., Minamikawa, T., Nagley, P. & Williams, D.A. Role of Mitochondria in Calcium 
Regulation of Spontaneously Contracting Cardiac Muscle Cells. Biophysical Journal 75, 2004-
2014 (1998). 
75. Jacob, W.A., Bakker, A., Hertsens, R.C. & Biermans, W. Mitochondrial matrix granules: their 
behavior during changing metabolic situations and their relationship to contact sites between 
inner and outer mitochondrial membranes. Microsc Res Tech 27, 307-318 (1994). 
76. Wolf, S.G., et al. 3D visualization of mitochondrial solid-phase calcium stores in whole cells. 
eLife 6, e29929 (2017). 
77. Lehninger, A.L., Rossi, C.S. & Greenawalt, J.W. Respiration-dependent accumulation of 
inorganic phosphate and Ca ions by rat liver mitochondria. Biochem Biophys Res Commun 
10, 444-448 (1963). 
78. Rizzuto, R., De Stefani, D., Raffaello, A. & Mammucari, C. Mitochondria as sensors and 
regulators of calcium signalling. Nature Reviews Molecular Cell Biology 13, 566 (2012). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 6                                                                                                                                                   General Discussion 
  114 
Chapter 6                                                                                                                                                   General Discussion 
 
115 
General Discussion 
 
6.1. Introduction  
 
A fundamental objective of structural cell biology is to determine the 3-D organisation of  
tissues, cells and their organelles under healthy and pathological conditions, down to the spatial 
resolution required to understand the structure and function of their various constituents1. To 
date, no individual imaging technique is capable of generating such information along the 
diverse length scales amongst which biological organisms exist (Fig. 1). Moreover, each 
specific imaging technique (e.g. X-ray Micro-CT, light microscopy or electron microscopy etc.) 
confers unique structural information due to differences in sources of illumination, operating 
principals and specimen preparation procedures. It has become increasingly common practice 
to perform ‘multimodal’, ‘combinatorial’ or ‘correlative imaging’ in order to attain 
complementary structural information, that is not conferred by any single imaging modality, 
performed on the same sample and/or region of interest (ROI) (Fig. 2). It was the primary 
objective of this thesis to employ multimodality microscopy in order to characterise the normal 
and pathological (non-alcoholic fatty liver disease (NAFLD)) microarchitecture and 
ultrastructure of murine and human liver tissue in three-dimensions (3-D). A summary of the 
various imaging techniques employed in this thesis are summarised under Fig. 3. 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic depicting the vast length scales amongst which biological organisms and their various constituents 
exist.  
 
 
 
 
 
 
 
 
 
     m – cm                                                                                                                                                 nm 
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Figure 2. Illustration outlining the concept of multimodal and multi-dimensional biomedical microscopy to collect combined 
or correlative structure-function data across length scales. Herein depicted are the different practical end resolutions and 
volumes that can be obtained (achieved in Chapter 2), depending upon the specific imaging modality utilised. (Figure 
reproduced with permission from Shami, et al. 2).  
 
The desire to correlate structural information across different imaging modalities 
originated as early as the inception of electron microscopy in the mid-1940s, when Porter, 
Claude and Fullam3 performed light microscopy and transmission electron microscopy (TEM) 
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to describe and correlate images of the endoplasmic reticulum in whole cells4. Nowadays, 
correlative light and electron microscopy (CLEM) still prevails as the most common 
combinatorial imaging approach5, typically combining some variant of fluorescence 
microscopy (FM) with TEM. FM is particularly expedient in that it combines the versatility of 
being able to study static (fixed) and dynamic (live) cellular structures/events and is well-suited 
for the selective or specific visualisation of cellular structures based on inherent (e.g. 
autofluorescence) or induced fluorescence (e.g. probes, labels, particles, stains and via genetic 
manipulation such as green fluorescent protein6). Subsequent relocation and imaging of the 
same ROI previously imaged under the FM, with the TEM (for a review of relocation 
techniques, see Su, et al. 7) allows for the generation of high-resolution ultrastructural 
information, with greater cellular context also being provided due to the broad staining 
properties of electron microscopy contrasting agents.   
 
 
Figure 3. Schematic depiction of the various imaging modalities utilised in unison, or in combination within this thesis.   
 
Despite the immense power of correlative light and transmission electron microscopy 
in the exploration of biological structure and form, it [conventional CLEM] like any two-
dimensional (2-D) imaging technique, is limited in providing a miniscule glimpse of innately 
complex 3-D biological structures. Previous studies have employed 3-D light microscopy (e.g. 
confocal) and TEM (e.g. electron tomography), somewhat abrogating the limitations of 
conventional light and electron microscopy (EM) techniques, and also expanding the volume 
amongst which CLEM can be employed. However, such studies are only useful in obtaining 
holistic morphological information when studying structures smaller than the section thickness 
(practically 50 nm – 500 nm); otherwise necessitating the use of serial-section TEM, a 
technically challenging endeavour fraught with many sources of error8.         
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6.2. Recent Advances: Expanding the Landscape for Large-Volume EM  
 
The development of high-sensitivity backscattered electron detectors has unequivocally 
represented one of the greatest developments in EM within recent times, allowing for the 
generation of TEM-like images, captured within the chamber of a high-resolution SEM. Such 
a revelation has concurrently occurred with new technologies, including: the serial block-face 
scanning electron microscope (SBF-SEM), automated tape collecting ultramicrotome 
(ATUMtome) and automated advanced substrate holder for the collection of serial-sections 
(ASH-100). These advances in concert with the development of new techniques, such as serial-
section SEM (S3EM) and array tomography, have allowed for the high-throughput acquisition 
of large cellular volumes at the nanometre scale, in a highly expedient and efficient manner. Of 
particular note, is the emergence of the recent field of ‘connectomics’ – primarily concerning 
the production of complex maps of an organism’s entire nervous system – which is directly 
attributable to such advances in 3-D SEM9,10.  
 
6.3. Serial Block-Face Scanning Electron Microscopy (SBF-SEM)  
 
6.3.1. Appraisal of Sample Preparation Protocols for SBF-SEM 
 
A pre-requisite for the successful generation of 3-D datasets by means of SBF-SEM is the 
preparation of samples using relatively ‘extreme’ heavy-staining protocols, applied in an en 
bloc manner. Such methods involve the concomitant application of heavy metal fixatives (e.g. 
osmium tetroxide), mordanting agents (e.g. tannic acid and thiocarbohydrazide) and stains (e.g. 
uranyl acetate and lead aspartate) in order to generate sufficient contrasting of subcellular 
structures, and to mitigate electron charging. Due to the relative infancy of SBF-SEM, few 
studies have comparatively appraised the suitability of such protocols for the investigation of 
cellular ultrastructure. Moreover, much of the literature employing SBF-SEM has focused on 
the investigation of neural tissue – as evidenced by recent field of connectomics – which is an 
ideal tissue type due to its highly lipid rich nature, readily reacting with osmium tetroxide and 
mordanting agents that are a key component of standard SBF-SEM protocols11-14.  
 In Chapter 2, we firstly aimed to qualitatively and quantitatively appraise five different 
sample preparation protocols applied to rat liver tissue, in order to determine the suitability of 
such protocols for the application of SBF-SEM. Tissues were firstly fixed by means of ‘jet-
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fixation’, in which a needle biopsy or thin strip of liver tissue is sprayed with a primary fixative 
solution containing glutaraldehyde. The technique is particularly expedient in that it 
simultaneously fixes all cells by flushing the tissue directly with the fixative. This contrasts 
with immersion fixation which is reliant on passive diffusion, resulting in a fixation gradient, 
due to the inhomogeneous penetration and reaction of the primary fixative with cellular 
structures. Moreover, immersion fixation is unsatisfactory for visualising liver sinusoidal cells 
(e.g. endothelial cells, Kupffer cells etc.) and features of the hepatic sinusoids (e.g. fenestrae) 
due to sinusoidal collapse, and the presence of erythrocytes which are not cleared from the 
sinusoids, as they are when perfusion (jet-fixation) is performed15,16.  
Proceeding primary fixation, tissues were prepared under five different sample 
preparation protocols, sequentially increasing in the concentration and number of contrasting 
agents applied (summarised under Table 1). Visual (qualitative) evaluation of the five different 
protocols based on the preservation quality and degree of contrasting of various subcellular 
structures revealed that the NCMIR protocol produced superior results. Furthermore, 
quantitative analysis of a range of common morphometric parameters (e.g. diameter, volume, 
surface area etc.) revealed that samples prepared under the NCMIR protocol did not vary (P = 
0.05), relative to samples prepared under more conventional protocols (e.g. standard chemical 
fixation). These observations importantly validated the application of the NCMIR protocol for 
the investigation of the hepatic microarchitecture utilising SBF-SEM.  
Next, segmentation, modelling and 3-D rendering of hepatic parenchymal cells (HPC), 
the hepatic sinusoids and bile canalicular networks, from datasets prepared under the NCMIR 
protocol, facilitated the visualisation and morphometric analysis of these complex 3-D 
structures at spatial resolution and depth not previously revealed, utilising conventional 2-D 
imaging modalities.  
  
Table 1. Summary of en bloc contrasting procedures for each of the five specimen preparation protocols assessed for 
their suitability in the application of SBF-SEM (Chapter 2).  
 SCF GOT TAMOI ROUM NCMIR 
1 1% osmium tetroxide 
 
1% osmium tetroxide 1% osmium tetroxide 
+ 1.5% potassium 
ferrocyanide  
2% osmium tetroxide 
+ 1.5% potassium 
ferrocyanide 
2% osmium tetroxide  
+ 1.5% potassium 
ferrocyanide 
2  1% tannic acid 1% tannic acid 1% tannic acid 1% thiocarbohydrazide 
3   1% osmium tetroxide 2% osmium tetroxide 1% osmium tetroxide 
4    1% uranyl acetate 1% uranyl acetate 
5     Walton’s lead aspartate 
Legend: SCF, standard chemical fixation; GOT, glutaraldehyde-osmium tetroxide-tannic acid; TAMOI, tannic acid 
mediated osmium impregnation; ROUM, reduced osmium and en bloc uranyl acetate method; NCMIR, National Centre 
for Microscopy and Imaging Research protocol 
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6.3.2. Large-Volume Correlative Light and Electron Microscopy: 
Combining CLSM & SBF-SEM  
 
Due to the inherent limitations of 2-D imaging and CLEM techniques as previously outlined, 
the second objective of Chapter 2 was to employ a large-volume CLEM approach combining 
confocal/multiphoton microscopy (CLSM) with SBF-SEM. We initially attempted to combine 
in-resin fluorescence microscopy followed by SBF-SEM,  using a similar approach to that 
described by Lucas, et al. 17, who performed 3D CLEM – combining CLSM and focused ion 
beam SEM (FIB-SEM) – using freeze-substituted biological samples. In brief, our attempts 
involved (1) high-pressure freezing of 180 µm-thick liver sections; (2) freeze substitution in 
media containing uranyl acetate and various combinations of fluorescent probes/stains, 
including: DiL, DAPI, Nile blue, acridine orange and Alexa Fluor 488® -phalloidin; (3) low-
temperature embedding in Lowycril HM20 resin; (4) exposure of the tissue within the resin 
block via ultramicrotomy; (5) generation of in-resin fluorescence via block-face imaging with 
CLSM.  
 Unfortunately, such attempts ultimately proved unsuccessful owing to poor 
fluorescence preservation after embedding. Moreover, our initial experiments assessing the 
suitability of the five protocols for SBF-SEM revealed that the addition of osmium tetroxide – 
in both (relatively) high concentrations and applied in a repeated manner – was a requisite for 
successful generation of high-contrast SBF-SEM data. However, osmium quenches 
fluorescence and renders the sample black when applied above -30˚C17, which was in direct 
conflict with our objective of generating high-yield fluorescence combined with high-contrast 
ultrastructural information. As such, we employed an approach firstly acquiring 3-D 
fluorescence information from chemically fixed liver tissue in an aqueous state, by means of 
CLSM. This generated high-yield fluorescence and did not limit the choice of fluorescent 
probes/stains exclusively to those which are compatible with freeze substitution. Subsequent 
processing for SBF-SEM using the most superior protocol (i.e. NCMIR) previously validated, 
facilitated the acquisition of high-contrast ultrastructural information, without the need to omit 
osmium tetroxide in order to preserve fluorescence retention. The use of X-ray micro-CT as a 
means of relocation proved invaluable for the correlation of ROIs between light and EM 
modalities. The merits of this relocation method are comprehensively described by Karreman, 
et al. 18, and also employed by others19-21. A combination of manual and automated registration 
techniques involving translation, rotation and scaling of the SBF-SEM dataset, corrected for 
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specimen preparation-induced morphological variations, and allowed for direct overlay and 
correlation of both CLSM and SBF-SEM datasets.  
The overall significance of the 3-D CLEM approach described in Chapter 2 is the 
immense volumes that can be probed using two complimentary and relatively automated large-
volume imaging modalities. The employment of similar techniques by others22, further 
highlights the growing popularity of such methods for the correlative investigation of cellular 
micro- and ultrastructure.   
 
6.3.3. Pushing the Limits: Enhancing Resolution & Contrast in 
Multidimensional SEM  
 
Throughout the completion of this thesis, a consistent issue that arose was the inferior resolution 
and contrast achieved in bulk samples imaged using SBF-SEM, relative to ultra- or semithin 
sections attached to a substrate (e.g. grid, silicon wafer or glass slide) – even when prepared 
using the same protocol and imaged under the same conditions. The primary factor contributing 
to such variations was the occurrence of electron charging, which ultimately detracted from 
overall image quality and resulted in a range of undesirable artifacts, as described in Chapter 4. 
In order to mitigate charging and its negative effects, we tested a range of sample preparation 
approaches outlined below (Table 2). 
 
Table 2. Experimental methods to minimise electrical charging and improve resolution and contrast in SBF-SEM.  
1. Infiltration with albumin proceeding primary fixation  
• Rationale: To infiltrate "free resin spaces" with albumin, which would subsequently be rendered electron-
dense and electrically conductive via the application of heavy metal stains and mordants as inherent to the 
NCMIR sample preparation protocol for SBF-SEM. 
• Concentrations tested: 2.5% (w/v), 5%, 7.5%, 10%, 15% and 20% in 0.1 M sodium cacodylate buffer.  
• Success: This method was partially successful in that regions occupied by albumin were rendered electrically 
conductive. Unfortunately, the albumin tended to clump and did not disperse homogenously throughout 
charging-prone extracellular spaces, such as blood vessels. 
2. Infiltration with agarose proceeding primary fixation 
• Rational: As per "1". 
• Concentrations tested: As per "1". 
• Success: The success of this method was largely the same as per "1", however the agarose had a greater 
tendency to clump, resulting in inhomogeneous dispersion throughout charging-prone spaces. 
3. Infiltration with gelatin proceeding primary fixation 
• Rationale: As per "1". 
• Concentrations tested: As per "1". 
• Success: This method was highly successful as the gelatin was sufficiently viscous (when warm) to fully and 
homogenously penetrate the entirety of the tissue. It was then rendered electron-dense proceeding post-
fixation and en bloc heavy metal staining.  
4. Incorporation of carbon nanopowder in final resin change 
• Rationale: To infiltrate "free resin spaces" with carbon nanoparticles suspended in pure resin in the final resin 
change. Carbon (graphite) was selected because it is an excellent electron conductor.  
• Concentrations tested: 2.5% (w/v), 5%, 7.5% and 10% in pure Epon resin. 
• Success: The method was ineffective as the carbon tended to clump, inhomogeneously penetrating the 
tissue. It is postulated that the high viscosity of the media prevented complete infiltration of the tissue.  
5. Incorporation of silver nanoparticles in final resin change 
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• Rationale: As per "4". 
• Concentrations tested: As per "4". 
• Success: As per "4".  
6. Embedding sample with carbon rod 
• Rationale: To create a conductive path from the base of the tissue to the aluminium pin. 
• Success: Unsuccessful. 
7. Embedding sample with copper wire 
• Rationale: As per "6". 
• Success: Unsuccessful. 
8. Embedding sample atop a copper grid 
• Rationale: As per "6". 
• Success: Unsuccessful. 
9. Prolonged exposure of the resin block to osmium vapour 
• Rationale: To render the resin block electron-dense via prolonged (1 week) exposure to osmium vapour. 
• Concentration: 4% aqueous osmium tetroxide. 
• Success: Largely unsuccessful, the osmium insufficiently penetrated the resin block to make this a viable 
method.  
10. Flat embedding tissue between aclar sheets (Chapter 4, Fig. 4) 
• Rationale: To minimise “free resin” between the sample and the aluminium specimen pin, by sandwiching 
the tissue between two aclar sheets proceeding polymerization.  
• Success: Partially successful, particularly for bulk tissue.  
 
Based on the success and viability of the experimental methods tested under Table 2, 
the “silver filler pre-embedding” method to “enhance resolution and contrast in 
multidimensional SEM” was conceived. The method described in Chapter 4, incorporates the 
homogenous dispersion properties of gelatine – even within the most minute spaces of the 
hepatic microarchitecture, such as between hepatocytic microvilli within the perisinusoidal 
space and the bile canaliculi – with the high-electrical conductivity of silver nanoparticles. The 
benefits of employing such an approach, permitting imaging under high-vacuum chamber 
conditions were multifold, including: (1) elimination of charging from “free-resin spaces” (e.g. 
the hepatic sinusoids), and charging-prone intracellular structures (e.g. parenchymal cell 
nuclei); (2) increased resolution and contrast; (3) decreased imaging time, due to improved 
signal-to-noise ratio; and (4) increased sample stability, resulting in decreased sample drift and 
retention of the entire field-of-view, without the necessity to perform image registration, as is 
necessary when imaging under high-vacuum conditions without the “silver filler”. The 
versatility of the silver filler method was also demonstrated to be highly advantageous for the 
investigation of other tissue types, including jejunum (Fig. 4). Ultimately, the development and 
employment of the silver filler method facilitates the collection of large-volume, high-
resolution ultrastructural information at the tissue or cellular level down to the subcellular scale, 
in a semiautomated and expedient manner. It also narrows the void between the resolution 
capabilities of SBF-SEM, and other high-resolution techniques such as BSEM and TEM 
performed on ultra- or semithin sections.  
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Figure 4. Comparison of control versus rat jejunum tissue prepared under the silver filler method. (A) Control tissue imaged 
under variable pressure (VP conditions) revealing no electron charging, however resolution and contrast is inferior relative 
to (B & C). (B) Control tissue imaged under high-vacuum conditions, revealing improved resolution and contrast relative 
to (A). Charging is present within the intestinal lumen (white arrowheads), resulting in beam damage and sample drift. (C) 
Rat jejunum tissue prepared under the silver filler method, revealing the absence of charging within the intestinal lumen 
(black arrowheads), and improved resolution and contrast relative to (A & B). Scale bar = 20 µm. (©G. Shami & F. Braet, 
2018 – Unpublished Data). 
 
6.4. Traversing the Hepatic Microarchitecture Across Length Scales: A 
Combinatorial Multidimensional Microscopy Workflow 
 
In Chapter 3, we outlined a relatively simple and versatile sample preparation protocol followed 
by a swift imaging workflow, facilitating the collection of cross-correlative structural 
information on the same sample across different volumes and length scales. Using the NCMIR 
protocol previously validated in Chapter 2 to produce excellent ultrastructural preservation and 
contrast, proved highly effective for the collection of complementary structural information, 
from various imaging platforms, including: X-ray Micro-CT (Micro-CT), bright-field light 
microscopy (BFLM) and inverted backscattered serial-section scanning electron microscopy 
(S3EM).  
 The application of this workflow to the investigation of the hepatic micro- and 
nanoarchitecture, firstly facilitated the collection of large-volume information regarding the 
microanatomy of the hepatic vasculature by means of Micro-CT, from the terminal branches of 
larger blood vessels (e.g. central venule (~120 µm) and hepatic portal vein (~200 µm), down to 
the smallest hepatic sinusoids (~6-12 µm). Subsequent serial-sectioning of tissue blocks, and 
investigation by means of BFLM provided improved resolution (at best ~220 nm using a high 
numerical aperture objective) at the tissue or cellular level in 3-D. Investigation of a range of 
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different histochemical stains (Chapter 3, Fig. 3) revealed the versatility of this method for the 
investigation of various pathologies and structures of interest, based on staining affinity for 
different biochemical constituents. Importantly, the electron-lucent nature of the LM stains did 
not interfere with subsequent generation of high-resolution 3-D ultrastructural information by 
means of S3EM. Preparation of samples under the NCMIR protocol additionally provided 
excellent contrast for EM, without the need to post-stain, thereby abrogating a potential source 
of artefact due to the photosensitivity of uranyl acetate, and reactivity of lead citrate with carbon 
dioxide.   
 The overall strengths of the workflow presented in Chapter 3 are: (1) compatibility with 
a range of microscopy techniques capable of characterising biological structures across vast 
length scales; and (2) adaptability of the protocol to the biological question at hand, based on 
the availability and selection of specific imaging modalities. The workflow could additionally 
be combined with conventional TEM or tilt-based electron tomography if so desired, further 
extending its versatility.   
 
6.5. Complimentary EM Modalities Reveal Mitochondrial Abnormalities in 
Non-Alcoholic Fatty Liver Disease 
 
Having established protocols and workflows for the multimodal and multidimensional 
characterisation of the hepatic microarchitecture throughout Chapters 2–4, we finally integrated 
our knowledge to investigate mitochondrial abnormalities in one of the most prevalent and 
insidious hepatopathologies in the Western world, non-alcoholic fatty liver disease (NAFLD) 
(Chapter 5).  
 Mitochondrial dysfunction is a key feature of the pathogenesis of NAFLD, which is 
structurally manifested in the form of enlarged ‘giant’ or ‘megamitochondria’, the gross 
morphological appearance and internal ultrastructure of which is dramatically distinct from 
their normal-sized counterparts. By employing S3EM we were able to characterise the gross 
morphology of thousands of normal- (NM) and giant mitochondria (GM) in clinically relevant 
human liver tissue. The ability to do so was directly related to capabilities offered by the 
relatively recent advances in 3-D EM, as outlined under section 6.2. The immense value of 
recent 3-D SEM modalities in being able to capture high-resolution ultrastructural information 
throughout immense volumes, is further evidenced by the absence of analogous investigations 
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throughout the literature – which to-date have primarily utilised conventional 2-D imaging 
techniques to characterise mitochondriopathies.  
 By distilling relevant morphometric data from the various modelled cellular structures 
of interest, we could quantify structural variations related to function, between NM and GM, 
indicating impaired function of the latter (Fig. 5). Moreover, frequency measurements of the 
various GM morphologies observed (elongated, irregular and spheroidal), in conjunction with 
ultrastructural observations, indicated a continuum in the mechanism of formation of these 
abnormal structures by means of mitochondrial fusion. Ultimately, these observations provide 
new insight into the structural alterations associated with mitochondrial dysfunction in the 
pathogenesis of NAFLD.  
 
 
Figure 5. Example of the large-volume, fine structure information disclosed by means S3EM, revealing the entire 
mitochondrial- and lipid droplet population of four hepatic parenchymal cells in a patient diagnosed with NAFLD. Scale bar 
= 25 µm. (©G. Shami & F. Braet, 2018 – Unpublished Data). 
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 Complementary employment of tilt-based electron tomography (TET) for the high-
resolution characterisation of intramitochondrial crystalline inclusions (ICIs) and enlarged 
matrix granules further revealed the 3-D structure of these intricate structures, which to-date 
have remained elusive. Pilot experiments on the chemical composition of ICI’s indicate these 
to be lipidic in nature (data not shown), due to the high relative elemental yield of osmium – 
which is a well-known heavy metal fixative and stain for lipids – as determined by means of 
energy-dispersive X-ray elemental spectroscopy (EDS), performed using high-resolution field-
emission TEM. These observations are in agreement with others, who believe that in human 
hepatic parenchymal cells, ICIs represent crystalline phase transitions of the lamellar 
phospholipid bilayer23,24. Conversely, in one study determining the chemical composition of 
ICIs in equine chondrocytes, the authors revealed ICIs to be proteinaceous in nature25. It is 
likely that genuine differences exist in the chemical composition of ICIs between species, tissue 
types and pathologies based on variations in ICI structure and form. Further investigation is 
required to elucidate the chemical composition of ICIs in NAFLD, which may further reveal 
the biochemical alterations associated with mitochondrial dysfunction in NAFLD.  
 
6.6. Future Outlooks 
 
This thesis has both demonstrated and ingrained the well-established importance of 3-D 
microscopy for the holistic visualisation of biological structures. One such requirement for the 
distillment of such information – particularly for the volume EM techniques presented herein 
(e.g. SBF-SEM, S3EM and TET) – is the highly arduous and time-consuming process of 
manually segmenting and modelling structures of interest. Throughout the completion of this 
work, it is estimated that in excess of 4,000 man-hours were expended manually tracing and 
delineating various cellular and subcellular structures, in order to more comprehensively 
visualise the healthy and diseased hepatic micro- and nanoarchitecture in a new light.  
The growing popularity and further advances in volume-EM technologies – such as 
multi-beam SEM’s allowing imaging at the centimetre scale, at nanometre resolution26 – further 
necessitate the development of automated segmentation approaches for the extraction of 
relevant structural information. Whilst such approaches currently exist (as discussed in Chapter 
2), they are frequently limited to specific subcellular structures of interest. Moreover, dataset 
imperfections (e.g. missing sections, imaging artifacts etc.), which are an inevitability when 
generating immense volumes – as those produced by such techniques as SBF-SEM – frequently 
require user input and software manipulation in order to account for such discrepancies. Of 
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note, one of the greatest challenges in developing automated segmentation approaches is the 
limited criteria for differentiating cellular structures. The simplest and most common approach 
typically involves isosurface-based histogram thresholding of grey scale values; however, this 
method is ineffective for distinguishing different cellular structures with the same grey scale 
values (i.e. cellular membranes) or highly heterogeneous structures.  
Recently, Adams, et al. 27 described a method for the multicolour visualisation of 
multiple subcellular structures, based on the local deposition of different lanthanides and 
overlaying conventional EM micrographs with pseudocolour lanthanide elemental maps. 
Whilst still in its infancy, such techniques have tremendous potential for the selective and/or 
specific visualisation of subcellular structures by means of EM, which to-date, remains the 
gold-standard for the visualisation of tissue and cellular ultrastructure. Additionally, further 
developments in machine-learning and quantum computing represent promising 
means/technologies by which biological structures could be automatically segmented, without 
the need to utilise highly sophisticated sample preparation methods as described above.  
 
6.7. Conclusions 
 
The advances reported in this work include the validation of SBF-SEM protocols for the large-
volume, high-resolution reconstruction of the hepatic microarchitecture. By doing so, we were 
able to illustrate and quantify key features of murine liver tissue at a resolution and length scale 
previously unattainable, using conventional imaging modalities. We also outlined a CLEM 
approach combining both CLSM and SBF-SEM, facilitating the selective visualisation of 
specific cellular features (actin, lipid droplets and nuclei), with their ultrastructural appearance 
(Chapter 2). Next, we outlined a versatile sample preparation and imaging workflow, for the 
multidimensional characterisation of the hepatic microarchitecture – from the tissue to 
subcellular level by means of multimodal microscopy – facilitating the generation of cross-
correlative structure information on the same sample across different volumes and length scales 
(Chapter 3). In Chapter 4, we detailed a novel sample preparation approach involving 
infiltration of the sample with a silver-gelatine suspension preceding embedding, thereby 
increasing sample conductivity, resulting in superior resolution, sample stability and decreased 
imaging time for SBF-SEM. Finally, we integrated the combined knowledge and techniques 
obtained in the above chapters, to characterise and quantify giant mitochondria and propose a 
mechanism for their formation in NAFLD from human liver biopsies. Collectively, our findings 
firmly establish the immense importance and value of contemporary multimodal microscopy 
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modalities in modern life science research, for holistically revealing cellular structures along 
the vast length scales amongst which they exist, under healthy and clinically relevant 
pathological conditions 
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S1. Comparative overview of the effects of low (SCF), intermediate (TAMOI) and high (NCMIR) contrasting specimen 
preparation protocols in reducing charging and mitigating adverse electron beam interference. Imaging conditions were 
held constant for all three protocols (accelerating voltage, 3.5 kV; chamber pressure, 28 Pa; objective aperture size, 30 
µm; pixel dwell time, 12 µs). (A) Under the SCF protocol the effects of charging and subsequently beam damage are 
evident along the block face, appearing as black lines that are particularly pronounced at the lateral sides of the image 
(black arrowheads). (B) Under the TAMOI protocol charging is reduced relative to (A), however is still apparent (white 
arrowhead). (C) Under the NCMIR intracellular charging is not evident. Scale bar = 10 µm. 
 
 
S2. Quantitative measurement of specimen current within the SEM, revealing the effects of the various protocols on 
electrical conductivity and subsequently charging. For each experimental condition, measurements (n=12) were acquired 
using the following imaging conditions (accelerating voltage, 3.5 kV; chamber pressure, 28 Pa; objective aperture size, 30 
µm; pixel dwell time, 3 µs).     
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S1. Quantitative comparison of the cells analysed (n = 16), derived from each of the patients (n = 4), corresponding to the 
morphometric parameters summarised under Figure 2.   
    Patient 1  
  Cell NM GM   
    Mean SD SEM Mean SD SEM P Value 
Surface Area (µm2) 
1 2.22 1.27 0.11 9.61 5.03 0.47 <0.0001 
2 2.32 1.24 0.11 8.45 4.74 0.52 <0.0001 
3 2.41 1.16 0.09 6.77 4.11 0.52 <0.0001 
4 2.27 1.17 0.07 7.91 4.49 0.38 <0.0001 
Volume (µm3) 
1 0.24 0.16 0.01 1.29 0.88 0.08 <0.0001 
2 0.27 0.18 0.02 1.31 1.06 0.12 <0.0001 
3 0.31 0.20 0.02 1.10 0.88 0.11 <0.0001 
4 0.24 0.15 0.01 1.02 0.87 0.07 <0.0001 
SA:Volume 
1 10.97 3.02 0.26 8.18 1.61 0.15 <0.0001 
2 10.29 3.26 0.29 7.19 1.55 0.17 <0.0001 
3 9.06 2.57 0.20 6.54 1.02 0.13 <0.0001 
4 10.70 3.12 0.18 8.37 1.34 0.11 <0.0001 
Length (µm) 
1 1.22 0.58 0.05 4.07 1.57 0.15 <0.0001 
2 1.05 0.44 0.04 3.24 0.26 0.03 <0.0001 
3 1.02 0.40 0.03 2.52 0.20 0.03 <0.0001 
4 1.16 0.60 0.03 3.26 0.46 0.04 <0.0001 
Width (µm) 
1 0.52 0.12 0.01 0.73 0.23 0.02 <0.0001 
2 0.62 0.16 0.01 0.88 0.26 0.03 <0.0001 
3 0.70 0.17 0.01 0.95 0.20 0.03 <0.0001 
4 0.56 0.16 0.01 0.75 0.46 0.04 <0.0001 
           
 Count 
  (N) (N)  
1 137 114  
2 125 84  
3 158 63  
4 299 139  
  
Frequency (%) 
1 55 45   
2 60 40   
3 71 29   
4 29  71  
    Patient 2  
  Cell NM GM   
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    Mean SD SEM Mean SD SEM P Value 
Surface Area (µm2) 
1 2.37 1.16 0.06 8.47 4.23 0.28 <0.0001 
2 2.62 1.22 0.11 8.27 3.17 0.31 <0.0001 
3 2.66 1.28 0.09 8.02 3.51 0.42 <0.0001 
4 2.43 1.46 0.10 7.65 2.83 0.26 <0.0001 
Volume (µm3) 
1 0.22 0.12 0.01 0.81 0.45 0.03 <0.0001 
2 0.26 0.12 0.01 0.77 0.32 0.03 <0.0001 
3 0.26 0.13 0.01 0.77 0.32 0.04 <0.0001 
4 0.22 0.14 0.01 0.72 0.29 0.03 <0.0001 
SA:Volume 
1 11.13 1.87 0.10 10.61 1.19 0.08 <0.0001 
2 10.58 1.75 0.16 10.83 1.26 0.12 ns0.2099 
3 10.74 1.71 0.13 10.40 0.96 0.11 *0.0454 
4 11.54 1.75 0.12 10.86 1.45 0.13 <0.0001 
Length (µm) 
1 1.32 0.62 0.03 4.05 1.69 0.11 <0.0001 
2 1.19 0.54 0.05 4.11 1.38 0.13 <0.0001 
3 1.25 0.58 0.04 3.83 1.30 0.15 <0.0001 
4 1.29 0.79 0.05 4.04 1.34 0.12 <0.0001 
Width (µm) 
1 0.53 0.13 0.01 0.53 0.14 0.01 ns0.5135 
2 0.51 0.11 0.01 0.52 0.12 0.01 ns0.3826 
3 0.51 0.12 0.01 0.55 0.12 0.01 *0.0173 
4 0.50 0.10 0.01 0.55 0.11 0.01 <0.0001 
         
 Count 
  (N) (N)  
1 354 236  
2 117 105  
3 185 71  
4 216 116  
  
Frequency (%) 
1 60 40  
2 53 47  
3 73 27  
4 48 52  
   Patient 3  
  Cell NM GM   
    Mean SD SEM Mean SD SEM P Value 
Surface Area (µm2) 
1 2.00 1.01 0.10 12.92 7.61 0.94 <0.0001 
2 2.54 1.37 0.16 9.50 7.26 1.09 <0.0001 
3 2.38 1.39 0.18 11.61 8.37 1.17 <0.0001 
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4 2.39 1.44 0.12 8.75 6.00 0.63 <0.0001 
Volume (µm3) 
1 0.21 0.13 0.01 1.91 1.61 0.20 <0.0001 
2 0.29 0.18 0.02 1.22 1.08 0.16 <0.0001 
3 0.25 0.18 0.02 1.51 1.19 0.17 <0.0001 
4 0.28 0.23 0.02 1.40 1.31 0.14 <0.0001 
SA:Volume 
1 10.74 2.69 0.27 7.84 1.63 0.20 <0.0001 
2 10.14 2.87 0.34 8.11 0.88 0.13 <0.0001 
3 10.75 2.70 0.34 8.01 0.99 0.14 <0.0001 
4 10.29 3.54 0.29 6.92 1.12 0.12 <0.0001 
Length (µm) 
1 0.97 0.40 0.04 4.31 1.95 0.24 <0.0001 
2 1.12 0.44 0.05 3.55 1.88 0.28 <0.0001 
3 1.17 0.53 0.07 4.11 2.03 0.28 <0.0001 
4 1.05 0.46 0.04 3.07 1.68 0.18 <0.0001 
Width (µm) 
1 0.59 0.13 0.01 0.79 0.28 0.04 <0.0001 
2 0.58 0.15 0.02 0.75 0.22 0.03 <0.0001 
3 0.54 0.13 0.02 0.73 0.21 0.03 <0.0001 
4 0.61 0.16 0.01 0.77 0.19 0.02 <0.0001 
         
 Count 
  (N) (N)  
1 98 65  
2 72 44  
3 62 51  
4 144 91  
  
Frequency (%) 
1 60 40  
2 62 38  
3 54 46  
4 32 68  
   Patient 4  
  Cell NM GM   
    Mean SD SEM Mean SD SEM P Value 
Surface Area (µm2) 
1 1.29 1.33 0.10 10.85 7.20 0.35 <0.0001 
2 2.33 1.27 0.10 9.54 7.26 0.56 <0.0001 
3 1.99 1.18 0.14 10.27 6.64 0.53 <0.0001 
4 1.90 1.06 0.13 10.93 8.20 0.68 <0.0001 
Volume (µm3) 
1 0.24 0.15 0.01 1.27 1.01 0.05 <0.0001 
2 0.21 0.12 0.01 0.97 0.86 0.07 <0.0001 
3 0.19 0.13 0.02 1.12 0.78 0.06 <0.0001 
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4 0.19 0.13 0.02 1.45 1.41 0.12 <0.0001 
SA:Volume 
1 10.45 2.20 0.16 8.88 1.16 0.06 <0.0001 
2 12.18 2.65 0.21 10.20 1.49 0.11 <0.0001 
3 11.37 2.25 0.26 9.43 1.03 0.08 <0.0001 
4 11.76 2.90 0.35 8.31 1.47 0.12 <0.0001 
Length (µm) 
1 1.16 0.59 0.04 4.39 1.76 0.08 <0.0001 
2 1.31 0.67 0.05 4.12 1.66 0.13 <0.0001 
3 1.04 0.47 0.05 4.59 1.66 0.13 <0.0001 
4 1.15 0.54 0.06 4.07 1.40 0.12 <0.0001 
Width (µm) 
1 0.55 0.20 0.02 0.61 0.16 0.01 ***0.0005 
2 0.47 0.08 0.01 0.53 0.14 0.01 <0.0001 
3 0.50 0.10 0.01 0.54 0.10 0.01 **0.0053 
4 0.51 0.09 0.01 0.69 0.24 0.02 <0.0001 
         
Count  
  (N) (N)  
1 184 434  
2 159 170  
3 75 159  
4 70 145  
  
Frequency (%) 
1 29 71  
2 48 52  
3 32 68  
4 33 67  
Legend: ns = P > 0.05; * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001. Unless otherwise indicated P = ≤ 0.0001. 
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S2. Graphical comparison of the cells analysed (n = 16), derived from each of the patients (n = 4), corresponding to the 
morphometric parameters summarised under Figure 2 and S1. Legend: ns = P > 0.05; * = P ≤ 0.05; ** = P ≤ 0.01; *** = P 
≤ 0.001. Unless otherwise indicated P = ≤ 0.0001. 
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S3. Tabular data corresponding to the patient summary graphs in Figure 2.  
 
Legend: *** = P ≤ 0.001. Unless otherwise indicated P = ≤ 0.0001. 
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